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Abstract 
 This research describes an investigation into the wettability of nitrocellulose (NC), 
most importantly to nitroglycerin (NG), which are key components of formulations used to 
propel military ammunition.  NG demonstrates complete wetting of NC and, overtime, NG 
sweats on the NC surface and leaks out.  The leaking out of NG from the solid formulation is 
a known cause of fires and explosions resulting from storage. The origin of this research is 
inspired by the need to engineer a solution to leakage problems of energetic plasticizer in NC 
based propellant. While searching for a viable material for a specific application, we 
journeyed into the very specific details of the properties of NC, and the chemical structures 
used for surface functionalization. In Chapter 1, we discuss the properties of nitrocellulose 
and the classes of propellant that contain NC and NG. We discuss the significance of the 
contact angle and how it’s measured. Experimental data showing the surface tension of 
nitroglycerin and its use as a probe fluid is described.  
 In Chapter 2, silane surface chemistry and its applications are discussed. We 
described reactions from previous work involving cellulose that assisted us with work with 
NC. We discuss our results from reacting alpha cellulose and silyl isocyanate that provided 
conformation for further applications with NC. We explain experiments for functionalizing 
NC using acyl chlorides and isocyanate chemistry. We then proceed with our findings that 
allowed us to establish chemical designs described in the following chapter. We describe 
approaches for producing a ‘tunable’ NC surface that is derived from a two-step process 
using the reaction of 3-(triethoxysilyl-propyl) isocyanate followed by reactions with alkyl-, 
fluoroalkyl-, or phenyl-silane, producing NC surfaces ranging in lyophobicity. Each 
functional group allows various degrees of reduced wettability of NC with NG. We 
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demonstrate surface preparation using tetramethoxysilane and polydimethysilane vapor 
reactions on solid state NC. We further functionalized the silanol rich solid state NC with 
alkyl and fluoroalkyl functionalities. In Chapter 3, the progress of reactions is demonstrated 
by chemical analysis. SEM analysis of modified NC materials suggests bulk properties of NC 
were not affected by silane. DSC demonstrated consistent decomposition of bare and treated 
NC. XPS provided evidence of chemically modified fibers. Increased lyophobicity of 
modified NC demonstrate thermal stability and equivalent energetic properties compared to 
bare NC.  NC was characterized by dynamic contact angles using water, hexadecane, and NG 
as probe fluids. Wettability of modified NC demonstrated significant variations in surface 
energy in accordance with the nature of surface functionalities. In Chapter 4, we discuss the 
methods of measuring contact angles. The contact angles of modified NC demonstrated 
surfaces with “tunable” wetting.  NC grafted with fluoroalkyl-groups showed the most NG-
repelling properties (θAdv/θRec ~90o/50o). Estimation of contact angles on nitrocellulose 
treated fibers allowed insight of the surface properties showing an increase in curvature and 
reduced capillary effect. Surface energy was estimated using contact angle measurements. In 
Chapter 5, nitrogen gas adsorption gives insight on textural properties of bare and treated 
NC.  
 
Key words: Wetting and contact angle, Nitrocellulose, Nitroglycerin, Surface 
functionalization, Silane coupling agents, Surface energy, Energetic materials, Fiber analysis, 
XPS, Adsorption.  
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Chapter 1: Nitrocellulose, Nitroglycerin, Propellant, and the 
Importance to Understand their Surface Chemistry 
 
1.1  Introduction 
 The focus of this work was to study the fundamental wetting of NC with liquid and 
how we can control the wetting of nitrocellulose by developing tunable interfaces. In Chapter 
1, we begin the discussion with focusing on the properties of nitrocellulose, the nitration of 
cellulose, and how the properties of NC relate to its functionalization. A discussion 
pertaining to double based propellants will be addressed, since this type of propellant is 
formulated with both nitrocellulose and nitroglycerin (NG). We describe the issues 
associated with the movement of NG in solid propellant formulations and the potential 
applications to solve this problem by the means of using lyophobic nitrocellulose. We 
introduce the important parameters of the contact angle measurement and surface tension. 
We report the results of wetting properties and surface tension measurements of nitroglycerin 
(NG).  In this chapter we report experiments that utilize NG as a probe fluid to measure 
dynamic contact angles over a range of organosilane, flouro-alkyl, and polymeric surfaces. 
NG contact angles change over a wide range depending on the nature of the surface 
chemistry used, demonstrating major variations of the NG interfacial interactions for surfaces 
with different functionalities. We revisit surface tension measurements generated over eighty 
years ago, and include the measurement of NG surface tension as a function of temperature 
up to 60°  C using two versions of the classical capillary rise method. Note: Unless referenced 
or specified otherwise, all photos and figures are produced by the author. 
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1.2  Nitrocellulose and its Properties 
 Nitrocellulose (NC) is the commercial name for the product resulting from the 
reaction of cellulose with nitric acid and most commonly in the presence of sulfuric acid. In 
fact, the name nitrocellulose is incorrect, because it implies NO2 functionality with the 
nitrogen attached directly to the carbon.1 However, it is actually an ester containing nitrato 
groups with an oxygen bridge between the carbon in the polymer backbone and the nitrogen 
of nitrate.1, 2  
 NC is a natural fibrous crystalline powder. Its structural formula and SEM picture is 
shown in Figure 1.1. NC is derived from cellulose made up of anhydroglucose units joined 
by ether linkages. The average number of units in the molecule is several thousand for most 
native celluloses, which ranges from 500 to 2,500 for chemically purified celluloses.1    
 
Figure 1- 1: Nitrocellulose: Crystalline Powder, Chemical Structure (Chem Draw version 
19.1), and SEM Photo. 
 
 
 Under proper conditions, an ester is formed by reacting the cellulose with nitric acid. 
The esterification reaction offers the discussion of degree of substitution. In theory, it should 
be possible to replace the three hydroxyl groups in each anhydroglucose unit with nitrate to 
give cellulose trinitrate, which would result in a molecule that is 14.14% nitrogen. However, 
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in practice it is not possible to obtain nitrogen content higher than 13.5%. This is because the 
practical upper limit in substituting nitrate for hydroxyl groups is roughly 2.9 which results to 
a nitrogen content of 13.8%.1, 2, 3   It is known that in order to provide properties that generate 
a stable material, NC should have an average degree of substitution4, 5  between 1.8 and 2.3. 
On Nitrocellulose, positions C2, C3, and C6 are occupied by nitro groups. However, the rate 
of nitration is different for each carbon because the substitution is more favorable on the C6 
carbon, followed by C2 and C3 carbons.
3 Figure 1.2.1 shows the chemical structure of 
nitrocellulose with a nitrogen content of 6.76% taking into account the carbon reactivity. The 
use of NC is also determined by the nitrogen content of NC. NC that has a nitrogen content 
lower than 12% is often used in propellant cartridge casing material, lacquers, and 
photographic films.2,3,4 NC with a higher nitrogen contact than 12%, is used in military grade 
propellant formulations.1,2,3 The nitrogen content of nitrocellulose is important because it 
affects the solubility and the viscosity of nitrocellulose in organic solvents. Solubility 
decreases when the nitrogen content of nitrocellulose decreases.1, 2, 3 
 The cellulose used to react to make NC is usually made from wood pulp.6 Cellulose 
obtained from wood pulp is separated by two methods of nitration.6,7,8 The methods include 
sulfite and sulfate processes. 6,7,8  The sulfite process involves heating and boiling wood chips 
in a solution of calcium bisulfate at high pressure, which results in a high percentage of alpha 
cellulose. The sulfate process involves cooking the wood chips at high temperature and 
pressure in a solution of sodium hydroxide, sodium sulfide, and sodium bicarbonate. The 
sulfate product contains less percentage of alpha cellulose. Depending on which process is 
used ultimately determines the properties of the nitrocellulose to include degree of 
polymerization, and molecular weight.6   
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 For the purpose of this work we demonstrated the surface functionality of NC nitrated 
up to 13.15%. However, in the beginning phases of this research, we studied the 
functionalized surface of 11.15% NC as well, which is the standard nitrogen content used in 
military cartridge casing increments.4 Theoretically, if surface modification is possible, 
~13.15% NC should result in lower lyophobicity than the ~11.00% nitrated NC. We initially 
used ~13.15% and ~11.00% nitrated NC to study reactions using acyl chlorides and 
isocyanates. However, as the research progressed we utilized a blended NC that is typically 
used in propellant qualified by the U.S. Army, with an average nitration of ~12.46%. The 
degree of substitution for this NC was ~2.4 leaving ~.6 degree of substitution for remaining 
hydroxyl sites to be used for surface modification.9 
 
 
Figure 1- 2: Chemical Structure of NC 
with nitrogen content of 6.76% and description of degree of substitution. 
(Molecular structure produced using Chem Draw version 19.1) 
1.3  Nitrocellulose Double Base Propellants 
 Nitrocellulose (NC) based propellants are used in the initiation of ammunition 
systems such as rockets and projectiles. Propellants are manufactured in a variety of 
geometries, depending on the intended application.10 Figure 1-3a-h show a variety of 
geometries ranging from a single grain of ball powder to multi-perforated cylinders. Figure 
1-3b represents an M2 cylindrical multi-perforated propellant used for medium caliber 
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munitions. Figure 1-3c depicts the flake powder M9 propellant containing >20% NG, used in 
small caliber ammunition. In firearms, propellants fill the interior of an ammunition cartridge 
chamber of a gun or cannon, leading to the expulsion of a bullet or shell.  Numerous 
additives are used in solid propellants to improve their burn rate, stability, sensitivity, and 
mechanical properties.10-12 NC is the primary ingredient in military grade propellants, and are 
used in the initiation of ammunition systems such as rockets and projectiles.10 
 NC is also used in the manufacturing of cartridge casing increments that house the 
propellant within a munition system. Numerous additives are used in solid propellants to 
improve their burn rate, stability, sensitivity, and mechanical properties.11 Energetic 
plasticizers are the most common additive in propellant manufacturing to increase overall 
energetic performance.12 NG is incorporated in the propellant formulation as a powerful liquid 
explosive, and it also functions as a plasticizer.4,10, 11 ,12  Figure 1-4 Shows NG in neat form and 
the chemical structure of NG.  
 
Figure 1- 3: Propellant Types 
 (a) Various geometries of solid propellant. (b) M2 cylindrical multi-perforated propellant. (c) M9 
ball powder propellant. (d) Small caliber flake. (e-f) multi perforated. (g) Rosette perforated (h) single 
perforated.10 
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Figure 1- 4: Bottled nitroglycerin142 and chemical structure of nitroglycerin. 
 (Chem Draw version 19.1)  
 
1.4  Nitrogylcerin Migration in Solid Propellant and Possible Solutions  
 While NG serves a significant purpose, it has the tendency to sweat throughout a 
propellant grain leading to performance and safety problems which have long been 
documented.12-14  For instance, long term storage of NG based propellants have caused 
explosions and fires due to sweating of the energetic material through out the propellant 
matrix.14,15 Accordingly, a need exists to prevent sweating of NG in propellant without 
compromising the desired energetic properties. Recently, we proposed a solution to this 
problem16 by means of developing a “tunable” NC surface that will hopefully provide 
solutions pertaining to improved safety parameters, enhanced performance of NC contained 
products, and the potential of utilizing a surface modified NC for 3-D printable explosives. 
 Sweating of NG often occurs in nitrocellulose cartridge casing increments that 
contain ball powder propellant.14 Ball powder propellant formulations comprise of 25-50% 
nitroglycerin by weight.4 Over time, sweating of the NG from the ball powder propellant 
leaches into the cartridge case increments. This leaching of NG results in performance and 
shelf-life issues. Figure 1-5 demonstrates the effect NG has on cartridge casing increments 
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when exposed to heating at 50°C for 28 days. The sweating of NG results in a negative shape 
effect of the cartridge casing, including a softening of the material. A solution to this problem 
involves the surface chemistry of NC. Provided the correct NC surface, NG maybe contained 
in the interior of the cartridge casing. 
 
Figure 1- 5: Nitroglycerin exposure of nitrocellulose cartridge casing 
at 50°C for 28 days. 
 
1.4.1 Co-extruded Propellant and the Lyophobic Barrier 
 Diffusion and migration of propellant constituents can also arise with co-extruded 
propellants.  A co-extruded propellant is a dual system with an inner and outer core having 
its own constituents independent of one another designed to control the propellant’s burn 
rate. Figure 1-6 shows an example of a co-extruded propellant grain where the black colored 
section burns at a slower rate than the interior (white colored portion) of the grain. The inner 
core is known for its high energy density and burns much hotter than the outer core. The 
outer core may be formulated with nitrocellulose which acts to minimize the extremely hot 
burn of the inner core. The purpose is to have the plasticizers that burn hot contained in the 
inner core of the propellant, leaving the outer core as a single-based nitrocellulose. Problems 
arise when plasticizers such as nitroglycerin diffuse into the outer portion of the propellant 
grain thus, defeating the intended purpose of the co-extruded grain.   
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Figure 1- 6: Co-extruded propellant grain.141 
Zebregs, M.; van Driel. Co-extrusion of Gun Propellant. IM/EM Symposium, Tucson, AZ, May 2009 
 The idea behind creating a tunable NC surface is to establish a lyophobic barrier that 
will allow a low surface energy interface or perhaps a surface with a slightly higher 
interfacial energy depending on the intended application that is to be determined. Figure 1-7 
gives an example of treated NC surface versus an untreated surface. The treated surface in 
the diagram shows (Tridecafluoro-(1, 1, 2, 2-tetrahydrooctyltrimethoxysilane) as the 
functionality. The treated surface containing a lyophobic barrier would possess a low surface 
energy which would result in the liquid energetic plasticizer to form a contact angle on the 
interface of the ‘treated’ or functionalized portion of the lyophobic barrier. In comparison to 
the untreated interface shown on the right hand side of Figure 1.7, the liquid exposed on a 
higher energy surface would completely wet the surface and continue to move throughout the 
system. Migration of plasticizers within a propellant formulation are proposed in this work to 
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Figure 1- 7: Proposed outcome of lyophobic barrier and movement of liquid between the 
untreated interface. 
 
prevent safety problems. The migration of constituents are known to be the cause of fires 
resulting from propellants stored for long periods of time. Propellant burn rates are 
compromised due to plasticizer migration. Currently, there is no true solution for plasticizer 
migration. Propellant coatings used in industry only remain stable in low temperature and 
humidity environments and will not contain the plasticizer movement once environmental 
factors start to fluctuate. The coatings used in industry pose compatibility issues and 
performance constraints on the propellant formulation. Insight on the wettability of NC may 
help to eliminate these problems by encapsulating/coating the propellant grains with a 
functionalized NC that is lyophobic, therefore containing the plasticizers within the matrix of 
the propellant grain. The modification of NC could replace traditional propellant coatings due 
to its ability to contain liquid constituents within a matrix and still maintaining the 
functionality of nitrocellulose without jeopardizing the perform 
ance of the propellant. 
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1.5  Nitroglycerin Wetting Properties & Surface Tension at Various Temperatures 
1.5.1 The Young’s Equation and the Contact Angle 
 The contact angle measurement continues to be perhaps the most useful 
characterization technique in the field of surface chemistry. Contact angle measurements are 
an important technique for probing the character of solid-liquid interfaces. ‘Wetting’ is the 
ability of a liquid to maintain contact with a solid surface.16 The contact angle measures the 
extent to which a surface is wetted with a liquid. Wetting is uniquely valuable in 
characterizing surfaces to obtain high sensitivity and its application to disordered 
surfaces.16,17. 
 The contact angle (θ) is measured at a three-phase interaction between a liquid, solid, 
and vapor.16 Young characterized this balance of the free surface energies at the liquid-vapor 
(γLV), solid-vapor (γSV), and solid-liquid (γSL) Young’s Equation (1-1). Figure 1-8 describes 
the balance of the free surface energies at the interface. 16-18 
 
 Eq. 1- 1 
 
The equilibrium contact angle is often stated as a balance of the work of adhesion 
(WA = γSV + γLV + γSL) and the work of cohesion (WC = 2 γLV) and is written as: 
 
 
Eq. 1- 2 
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When WA≥ WC, the contact angle approaches zero, the liquid will spread over the surface 
resulting in complete wetting.19 
 
Figure 1- 8: Young’s Contact Angle.  
Three forces acting at the three phase contact line of a droplet on a solid surface where θ is 
the contact angle equilibrium.16 
Image reproduced from reference 16, Permission from American Chemical Society, 2000. 
 
 Lyophobization of a surface will results in a decrease of surface energy and in return, 
decreases WA , and therefore increasing the contact angle. The description shown in Figure 1-
9 represents the attachment of organic groups to polar substrates, converting a lyophilic 
surface into a lyophobic surface by means of surface functionalization with siloxane 
compounds.19 With the creation of the hydrophobic surface, when WA is less than 0.5 WC, 
the contact angle will be > 90 ֯. Theoretically, when WA approaches zero, the contact angle 
approaches19 180֯. When working with a uniformed surface, the intermolecular attraction 
across the interface is always greater than zero, in which contact angles are less than 180 ֯. In 
practice, however, most real surfaces have some level of heterogeneity which results in 
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hysteresis. 19, 20 Hysteresis, in this case, refers to the difference between the advancing θA (as 
wetted area increases) and receding θR (as wetted area decreases) contact angles.19-21 
 
 
Figure 1- 9: Comparison of a water contact angle on polar and non-polar surface.19 
Image reproduced from reference 19, Permission from Taylor and Francis Publishing, 2006. 
 
Due to this phenomenon, full characterization of the hydrophobicity of materials requires 
evaluation of both advancing and receding contact angles.20, 21 Hysteresis demonstrates the 
useful sensitivity of wetting to the depth of functional groups below the organic-water 
interface.21 The difference between the advancing and receding contact angle is far from zero 
for most systems.21 A large value in hysteresis usually means a system is not at equilibrium. 
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Contact angle measurements rely heavily on comparisons of measurements in similar 
systems rather than on interpretation of absolute values obtained from only one system.22 
Thus, we use contact angles because they are convenient, very sensitive to obtain details of 
interfacial structure even at the angstrom scale, and because they are applicable to the 
characterization of solid-liquid interfaces.23 These measurements at least correlate with 
thermodynamically significant measures of surface and interfacial free energies.24 The 
technique used to obtain advancing and receding contact angle measurements for our studies 
was the use of a digital contact angle tensiometer. This instrumentation allowed real-time 
video analysis while advancing and thus the receding of a droplet of liquid back through the 
syringe needle. We were then able to measure the angles at different positions of the contact 
angle experiment. As an example, the action of performing the advancing and receding 
contact angle with NG as probe fluid on a fluoroalkyl treat NC surface.  
 In open literature there is very little data concerning the surface properties of 
nitroglycerin. During our investigations we find that the measurement of NG surface tension 
was first measured circa 1934.24 The accurate measurement of liquid surface tension is 
temperature dependent and is characteristic of the liquid.25 Confirmation of purity is of 
absolute necessity when measuring the surface tension of a liquid.25The surface tension of 
NG as a function of temperature, which may be of importance in several industries, is lacking 
entirely in literature. We performed an extensive literature search only to discover that we are 
unable to locate data related to the wetting properties of nitroglycerin. This is most likely due 
to the hazards of sensitivity and potential of explosion when isolating pure NG.4, 5, 6 
According to previous studies, pure nitroglycerin has a surface tension of ~50.5 (mJ/m2) 25 at 
room temperature (20°C) similar in value to methylene iodide 26.  Methylene iodide is a 
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common probe fluid used commonly by researchers such as Zisman et al. 26 in surface 
characterization. With few exceptions, NG should have similar wetting properties. 
 
Figure 1- 10: Advancing and Receding (θAdv/θRec) contact angle. 
 
The similarity in surface tensions may allow the use of methylene iodide as safe inert 
replacement for NG, either for surface analyses or laboratory scale propellant formulating. In 
this study, we utilize NG as a probe fluid on a variety of surfaces. We compare NG and 
methylene iodide contact angles. We measure the surface tension of NG at variable 
temperatures up to 60°  C  after which degradation and increased vapor pressure starts to have 
direct influence on the measurements.28 
 
1.5.2 Experimental  
1.5.2.1  General Information 
 Nitroglycerin (NG, 99.9%) was supplied as 5% solution in ethanol (SDM 36) by 
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Copperhead Chemical Company (Tamaqua, PA). Methylene iodide was purchased from 
Sigma Aldrich 50 mL >99% pure. 
1.5.2.2  Nitroglycerin Purity 
 The purity of NG was determined by placing a known amount of 5% NG in ethanol 
on an electronic balance and monitoring the weight loss over time. Observed stabilization of 
the weight loss was determined to be ~50 hours. GC/MS was then performed to confirm the 
purity of NG monitoring the loss of ethanol and water. 2 mL of stock solution was 
evaporated and weight loss was monitored over two days and tested, the final residue was 
confirmed to contain no ethanol. The final purity of the NG was detected at 98.9 % weight 
NG verified by GC/MS. Surface water was contributed to the percent error. The procedure to 
obtain and monitor NG purity from the NG/ethanol solution is described in Appendix-B. 
 
1.5.2.3  Wetting and Contact angles 
 Contact angles were measured by a Dataphysic OCA contact angle instrument using 
GASTIGHT #1750 Hamiliton Company micro-syringe.  The probe fluids used were 
nitroglycerin (NG) and methyl iodide.  Dynamic contact angles (θAdv/θRec) were recorded 
while the probe fluid was added to (θAdv) and withdrawn (θRec) from the drop, respectively.  
The dynamic contact angles with NG as a probe fluid were measured using a Drummond 
WIRETROL 5 µL pipette to add and withdraw the probe fluid while recorded under the 
video capability of a Dataphysic OCA tensiometer.   Due to safety concerns, we used this 
technique rather than using a syringe filled with NG.  Filling a syringe with a sufficient 
amount of NG to obtain measurements could result in initiation of NG.  Great care must be 
taken when performing measurements with nitroglycerin.  
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1.5.2.4  Surface Tension of Nitroglycerin 
 Surface tension measurements were performed using two versions of the classic 
capillary rise method.29 First, we used a graduated capillary (.05 cm in diameter) with a 
surface tension gauge developed by Surfgauge. We also used an off the shelf glass capillary 
.06 cm in diameter. The length of the capillary column was measured with a ruler graduated 
in centimeters. .5 mL NG was dispensed into a shallow Teflon dish. The Teflon dish 
containing the NG and the capillaries were placed in a 150 mL beaker and placed in a 
Thermo-Fischer conditioning chamber where the samples can maintain a constant 
temperature while being measured. The NG and capillary tubes were held for 2 hours at each 
desired temperature. While sampling, the tip of the capillary was placed on the surface of the 
NG while keeping the capillary vertical. The capillary was turned over and drained at the 
back end by placing towels until the NG fluid comes out. Each measurement was performed 
five times to get a consistent read value.  
 
1.6 Results and Discussion 
 The surface tension (mN/m) of NG at variable temperatures using two capillary 
diameters were obtained using equation 1-3 g is the gravitational constant. p is the density of 
the liquid. r is the radius of the capillary tube and h is the capillary rise measured from the 
plane surface of the liquid. The contact angle of NG on a glass surface is assumed to be ~ 0 
(cos θ = 1). The date is reported according to equation 1-4.  The data is described in Table 1-
1 and Figure 1-11. We see that the surface tension of NG decreases linearly as a function of 
temperature, confirming that it is in equilibrium with its own vapor.27 In our measurements, 
we determined two parameters influencing the measured percent error. The first being the 
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measured height of the capillary and the second being the density of nitroglycerin at various 
temperatures. Due to the sensitivity of NG, the challenge was to obtain accurate density 
readings of NG at low volume for each temperature interval. We therefore utilize data found 
in literature29 for the density values ranging from 10-25°C and extrapolate to 60°C. 
 
Eq. 1- 3 
 
Eq. 1- 4 
Table 1- 1: γLV (mN/m) Measurements at Different Temperatures. 
      Temperature  °C               Capillary diameter (cm) 
                          0.05 0.06 
20 51.04 51.58 
25 51.04 51.58 
30 49.445 49.24 
35 49.445 49.24 
40 48.65 48.3 
45 47.85 47.83 
50 47.85 47.83 
55 47.05 46.89 
60 47.05 46.89 
    
 
To access wetting the properties of NG, surfaces were characterized by dynamic contact 
angles using NG as a probe fluid.  Table 1-2 displays advancing and receding contact angle 
for NG and methylene iodide.  The contact angles of NG show major changes depending on 
the nature of surface groups demonstrating different levels of wettability (Table 1-2).  For all 
the surfaces studied, the contact angles of NG fell close to the contact angles of methylene 
iodide in accord with the surface tensions of the probe fluids (mJ/m2) at ~20°C: CH2I2 (50.1), 
NG (50.4). Methylene iodide, in most cases, demonstrated contact angles several degrees 
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lower than that of NG for the same surface.   
 
Figure 1- 11: Graphical representation of temperature vs. surface tension of NG using two different 
capillary diameters. 
However, like for methylene iodide probe fluid, the highest value of NG contact angles 
95o/83o (adv/rec) was observed for PDMS/Ti PET substrate, poly(tetrafluoro ethylene) 
(Teflon) 87o/78o (adv/rec), and perfluoroalkyl  85o/74o (adv/rec) representing the low-energy 
surface of CF2 functionalities.  Non-polar hydrophobic surfaces of poly (ethylene), phenyl, 
and monolayers of octadecyl silane, supported on Si wafers, projecting respectively CH2 and 
mixed CH2-CH3 functionalities, were poorly wetted by NG and showed contact angles in the 
range ~75o/65o (adv/rec). For the dimethyldichlorosilane surface, NG contact angle hysteresis 
was the lowest, which agrees with data obtained using known probe fluids on 
polydimethylsiloxane surfaces.30 For relatively polar surfaces of poly (ethylene terephthalate) 
and polyvinyl alcohol, as evidenced by intermediate value of water contact angles, wetting of 
NG improved with the advancing contact angle being 35o and the receding angle less than 
10o.  For the high-energy polar surface of cleaned Si-wafer, NG, demonstrated complete 
wetting with both advancing and receding contact angles being near zero (<10o).  On all the 
model surfaces tested, the contact angles hysteresis of NG was ~10-15o which was similar to 
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the values normally reported for methylene iodide on previously tested surfaces.25,26,27 
Comparing the contact angles for NG on the model surfaces101, we concluded that NG, as a 
probe fluid, produced similar results as methylene iodide probe fluid.25 The NG contact 
angles show formation of high quality lyophobic surfaces comparable with the closely-
packed monolayers of organosilanes on Si wafers or homogeneous polymer films of similar 
chemical composition.  In this work we explored the wetting of NG with different groups 
ranged as follows: fluoroalkyl- (θAdv/θRec ~90°/~50°), alkyl- (~75o/~35°), oligo 
(dimethylsiloxy)- (~65o/~35°), phenyl- (~40°/~10°), demonstrating major variations in the 
NG interfacial interactions.    
Table 1- 2: Dynamic Contact Angles (θAdv/θRec, deg) for Nitroglycerin and Methylene 
Iodide on Model Surfaces, Polymer Films, and Functionalized Si Wafers. 
Sample Probe fluids 
  Nitroglycerin 
Methylene  
iodide 
Nylon silica filled      56/42   55/38  
Polychloro trifluoroethylene      55/28   53/22  
Polyvinyl alcohol       35/27   34/23  
Polymethyl pentane      75/62   72/48  
PDMS/Ti PET substrate      95/83   87/68  
Cleaned Si-wafer: Si/SiO2*       <10   <10  
Si/SiO2-OSi(CH3)2C18H37      75/65   65/50  
Si/SiO2 C6H5      71/60   68/42  
 Cl2Si(CH3)2      80/78   74/70  
(CH3O)3Si(CH2)2C6F13      85/74   84/72  
Poly(tetrafluoroethylene), Teflon: -[CF2]n-      87/78   86/78  
Poly(ethylene): -[CH2]n-      65/58   62/54  
Poly(ethylene terephthalate): -[C(O)C6H4COO(CH2)2O]n-     35/<10  30/<10   
*Si-wafers were cleaned and functionalized by organosilanes as described in ref 19.  
 
Because of the lack of wetting data for NG in open literature, we investigated the surface 
properties of NG. NG demonstrates surface tension values similar to methylene iodide in 
which the latter may be used as a probe fluid replacement for the extremely friction and 
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impact sensitive properties of NG. The surface tension of NG shows ~5 percent decrease for 
every 10°C temperature increase up to 60°C. The information gathered from this study will 
hopefully serve as a reference should the need arise to evaluate surface interactions with NG.  
For this reason, NG contact angles were measured on a variety of well-defined surfaces of 
known composition including monolayers of organosilanes and fluoro-alkyls supported on 
Si-wafers, and smooth polymer films. 
 
1.7  Conclusions 
 In this chapter we discussed the properties of nitrocellulose and its uses in solid 
propellant formulations. We described the various geometries and uses of formulated 
nitrocellulose based propellants. We look at the negative impact nitroglycerin movement has 
on propulsion systems, demonstrating specific examples pertaining to cartridge casing 
increments and co-extruded propellant grains. Finally, in the experimental section, we look at 
the surface tension of NG at various temperatures and compare the results to methylene 
iodide. We utilized NG as a probe fluid for the first time, on a number of known surfaces, to 
gain insight on how NG may act on modified NC surfaces.  
 Because of the lack of wetting data for NG in open literature, we investigated the 
surface properties of NG. The information gathered from this study is to serve as a reference 
for parameters describe in the following chapters. For this reason, NG contact angles were 
measured on a variety of well-defined surfaces of known composition including monolayers 
of organosilanes and fluoro-alkyls supported on Si-wafers, and smooth polymer films. We 
will see in the next several chapters the importance in understanding NG as probe fluid and 
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its surface tensions at various temperature is essential in understanding the wetting of NC 
with NG. 
 In Chapter 2 we look at the structure of cellulose and with that, the chemistry used for 
optimal manipulation of hydroxyl sites. We examine the robust nature of silane chemistry 
and its unique application in surface modification in which literature provides several 
approaches used to functionalize the cellulose surface. We look at the aspects of organosilane 
chemistry and its application to surface modification. We discuss the role of silane and 
cellulose modification through previous work. In the experimental section of Chapter 2, we 
confirm cellulose surface functionalization in our laboratory, presenting successful reaction 
conditions performed in our laboratory with alpha cellulose and silyl isocyanate. Results 
from FTIR and contact angle measurements (θAdv/θRec 98/75) suggest successful surface 
modification. The confirmation of this reaction gave us insight into the use of methods 
selected to modify NC. Finally, in Chapter 2 We demonstrate surface functionalization on 
NC. We perform reactions using acly chloride and isocyanate functionalities using chemistry 
from previous work and our preliminary experiments with cellulose.  
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Chapter 2: Approaches for Nitrocellulose Functionalization 
2  
2.1  Introduction 
 Cellulose is the most abundant naturally occurring polymer used for the fabrication of 
numerous products.31 For certain applications, including sensing, biomaterials, separation 
membranes, catalysts, emulsion stabilizers, coatings and polymer-based hybrid materials 
hydrophobic cellulose surfaces are needed which requires additional functionalization of 
inherently hydrophilic cellulose.32,33 The common methods of covalent functionalization of 
cellulose includes alkylation, alkanoylation, carbamoylation and other reactions that utilize 
primary and secondary hydroxyl groups available on the surface of cellulose.34,35 Numerous 
studies reported the use of silane coupling agents for functionalization of cellulose.31-35,85 
Silylation involves the reaction of cellulose with organosilanes of general formula RnSiX4-n 
(n=0-3, X- hydrolyzable group e.g. Cl, alcoxy-, acetoxy, and R - organic functionality).31-35 
Silanes are chemically binding to cellulose hydroxyl groups through Si-O-C linkages. When 
multifunctional silanes (n=0,1,2) are used in presence of moisture, polymerization (cross-
linking) of silanes occurs yielding siloxane network (Si-O-Si) which greatly improves 
stability of the coatings.86, 87 The use of fluorinated silanes produce extremely non-polar 
surfaces with lyophobic (omniphobic) and superhydrophobic properties.40, 41 
 As compared to cellulose, covalent functionalization of NC is more challenging, 
particularly because of reduced number of hydroxyl groups available for the reaction and 
limited choice of the reaction conditions that have to be mild enough to preserve nitro 
groups. The latter is particularly important for the functionalization of highly-nitrated 
energetic NC materials. Nitrocellulose paper membrane is the common substrate for lateral 
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flow diagnostics, biosensors, and immunoassays.89 A majority of the reported 
functionalization methods employ non-covalent modification of the NC paper through the 
physical adsorption of proteins or other polymers.89,90 Several covalent functionalization 
methods utilizing substitution or elimination of nitro groups were reported.88 There is 
virtually no open literature research pertaining to the surface chemistry and functionalization 
of NC with nitrogen content >12%.  In this work, we describe the organosilicon chemistry 
approach for the covalent functionalization of NC fibrous material (~12.5%N) with the focus 
on preparing of NG-repellant surfaces of NC to inhibit sweating and leakage of NG in 
energetic materials. 
 
2.2  Cellulose: Its Role in Understanding Nitrocellulose Surface Functionalization 
 
 In order to understand the chemistry of nitrocellulose, it is important to look at the 
parent compound, cellulose. Clear understanding of the underlying structure of cellulose (Figure 
2.1) is fundamental to understanding its surface chemistry. Cellulose is named for (1 → 4) -β-D-
glucopyranan, a linear homopolysaccharide composed of β-D-anhydroglucopyranose units (also 
referred to as anhydroglucose and glucopyranose units but universally abbreviated as AGU) and 
linked by β(1 → 4) ether bonds called glycosidic links. β-D-anhydroglucopyranose is a six-
membered heterocycle with an anomeric carbon (labeled C1) and usually found in the chair 
conformation.32 Cellulose is the most abundant natural occurring source of raw materials for 
the fabrication of numerous products.30, 31, 32 However, its liquid-proofing properties are poor. 
Much work has been done to improve its lyophobic properties by means of surface 
modification. Surface modification of cellulose and its derivatives have been well 
documentated over recent decades.34-38 The surface of cellulose contains hydroxyl (-OH) 
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groups available for chemical reactions. Clear understanding of the underlying structure of 
cellulose is fundamental to understanding its surface chemistry. 
 
Figure 2- 1: Cellulose Chain. 
The anhydroglucose unit in the chair conformation, the glycosidic link, and both reducing 
and non-reducing ends of the polymer.31 
Image reproduced from reference 31, Permission from Elsevier, 2005. 
 
2.3  Silane Chemistry for Surface and Polymer Modification 
 The use of organosilane chemistry for tailoring surfaces and modifying polymers is a 
process that has been used for decades in both research and technology.39, 40, 41 A variety of 
structures can be produced on a surface or reacted with a polymer.42, 43, 44 The general 
formula for an organosilane is RnSi X(4-n), showing two classes of functionality typically 
encountered.45, 46, 47 X is a hydrolysable group which can be alkoxy, acyloxy, amine, or 
halogen. The reactive silanol is formed after the presence of hydrolysis which can condense 
with other silanol groups. The R group is nonhydrolyzable and usually provides a 
functionality that demonstrates characteristics of a reaction product. The final reaction 
product resulting from reacting an organosilane with a substrate alters the surface properties 
of the substrate.48, 49, 50  
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 The use of silanes for surface chemistry applications on cellulose and its derivate can 
be utilized similar to steps required in the preparation of sol-gels.51, 52, 53, 54 At the functional 
group level, three reactions to include hydrolysis, water condensation, and alcohol 
condensation are generally used to describe this process.51 The hydrolysis reaction replaces –
OR groups with –OH (hydroxyl) groups. hydrolysis occurs by the nucleophilic attack of 
oxygen contained in water on the silicon atom.51 Alkyl oxysilanes for example, hydrolyze 
upon exposure to water vapor.51, 52 Hydrolysis is facilitated in the presence of homogenizing 
agents to include alcohols, dioxane, THF, and acetone.53 Condensation may occur either 
between two silanols or a silanol and an ethoxy group to form a siloxane group (Si-O-Si).53, 
54, 58 Reactions in Figure 2-2 show that polymerization to form siloxane bonds can form by 
either producing either an alcohol or water condensation reaction. 54 The most widely 
accepted mechanism for the condensation reaction involves the nucleophilic deprotonated 
silanol on a neutral silicate species as proposed by Iler54 to explain condensation in aqueous 
silicates systems. Brinker et al. explained that silanol acidity depends on the other 
substituents on the Si atom.55   When basic OR and OH are replaced with O-Si, the reduced 
electron density on Si increases the proton acidity on the remaining silanols. 57 
 
 
Hydrolysis 
 
Alcohol condensation 
 
Water Condensation 
Figure 2- 2: Silane surface chemistry reactions. 
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2.4  Cellulose Surface Modification 
 For the purpose of this work, the mechanism for converting surface alcohol to ester was an 
obvious choice for nitrocellulose surface modification. We needed to explore reactions giving us 
optimal conditions, without jeopardizing nitro functional groups and allowing reaction of 
secondary alcohols. Literature pertaining to ester formation of cellulose provided a vast amount of 
information on a variety of potential reaction conditions. 42-54 
 Reactions involving cellulose have been documented well before the 1950’s. Reid 
and Peterson et al. gave attention to the kinetics and mechanism of cellulose esterification.11, 
57, 58  References confirm the primary hydroxyl groups of cellulose are intrinsically more 
reactive than the secondary hydroxyl groups by means of homogeneous acetylation 
performed in 1954 by Krassig et al. The degree of difference between them depends on 
reaction conditions.59 In general, the primary hydroxyl is more selectively esterified in a 
slower reaction process.57, 58, 59 Reid et al found the apparent difference in reactivity is less in 
suspension than in solution, perhaps because of a slow diffusion rate, rather than hydroxyl 
reactivity.57 The workers found that relative reactivity’s of aliphatic acid anhydrides toward 
the hydroxyl groups of cellulose vary with the reaction catalyst used. 57, 58, 59   
 Various types of functionalities including fluoroalkyls and organosilane reagants are 
currently used in surface modification of cellulose.43-47 For example, Perfluoroacylated 
derivatives of ethyl celluose have been synthesized to improve the lyophobicity of 
thermoplastic and lacquer manufacturing.43, 44 Improved performance of cellulose acetate 
membranes using silane grafting and crosslinking to enhance polymer properties for 
membrane based gas separations has been documented.37, 42 Esters of cellulose can also be 
treated using acyl chlorides that react with the hydroxyl groups of cellulose. The use of 
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isocyanates to form a carbamate with cellulose have been used for numerous applications in 
paper manufacturing.59, 60, 61 In the section we discuss the selection of isocyanate to react with 
the hydroxyl rich alpha cellulose as an experimental confirmation demonstrating the reaction 
feasability by treating a hydroxyl rich surface so that we could continue with our efforts to do 
the same with nitrocellulose.  
 
2.4.1 Experimental (Cellulose Modification) 
2.4.1.1  General Information 
 The chemicals used in this study was provided by Sigma Aldrich Alpha cellulose 
(NC). di-isopropyl ethyl amine, lithium chloride, dimethylacetamide (DMAc) (>99%), 3-
triethoxysilyl propyl isocyanate . 
 
2.4.1.2  Cellulose Modification with 3-triethoxysilyl propyl isocyanate 
 Our challenges of modifying nitrocellulose arise from the necessity to maintain nitro 
functional group moiety, in which the nitration of cellulose gives rise to the energetic 
properties of NC. We sought out reactions that are not selective to primary alcohols since it is 
obvious the nitration process reacts with the most sterically available hydroxyl groups on 
cellulose. With this in mind, it was a necessity to find conditions that would not cleave off 
the nitro groups or degrade the cellulose polymer chain. To verify reaction conditions which 
could potentially be used for NC modification, We elected to use isocyanate chemistry based 
on previous work.61, 62 Reacting isocyanate in the presence of tin catalyst typically generates 
a mild exothermic reaction where low heat is generated.63, 64 We reacted 3-
(triethoxysilylpropyl) isocyanate with the hydroxyl rich alpha cellulose. The reaction was 
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performed in a Pyrex 500 mL round bottom, three prong, enclosed flask by dissolving ~1.0 
gram of alpha cellulose (dried at 100°C for 1 hour) in 200mL of dimethylacetamide (DMAc) 
and ~1.50 grams of lithium chloride (LiCl)65 in a closed vessel and stirred appropriately at 
60°C until the alpha cellulose was fully dissolved. A three-fold increase of solvent amount 
was required for full dissolution of alpha cellulose compared to work described in 
literature.65 Dissolution procedures concerning cellulose are often described in methods 
pertaining to analytical methodology, where cellulose is being dissolved at the milligram 
level as an analyte for size exclusion chromatography.65 Excess of 3-(triethoxysilylpropyl 
isocyanate was then added drop-wise. Several drops of dibutyl tin dilaurate 63, 64 was then 
added as a catalyst and stirred for 4 hours. The DMAc was then evaporated leaving behind 
the modified alpha cellulose. The modified alpha cellulose was then rinsed with toluene and 
ethanol, and placed in a 100°C vacuum oven for 1 hour. The material was then characterized 
using FTIR, H2O contact angle measurements, and Si elemental analysis. 
 
2.4.1.3  Results and Discussion 
 The FTIR spectrum of neat alpha cellulose versus modified alpha cellulose is shown 
in Figure 2-3. The band at ~2857 cm-1 shows a decrease in hydroxyl functionality for the 
modified cellulose compared to neat cellulose, due to the uptake of hydroxyl during the 
esterification process of the isocyanate reaction. We speculate that without further hydrolysis 
there would be a decrease in surface hydroxyl functionality after reaction. In later work, we 
observed an increase of hydroxyl groups if promotion of hydrolysis is allowed, possibly as a 
result of cross-linking by the silyl propyl carbamate. The bands at ~2929 cm-1 and ~2857 cm-
1 in the spectrum representing the modified cellulose are evident of CH3 and CH2 functional 
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groups. The band at ~1637 cm-1 and 1562 cm-1 is distinctive of C=O stretch and NH bend 
from and amide band respectively.66, 67 The peaks at ~1100 cm-1 and 1055 cm-1 are distinctive 
of organosilane Si-O and Si-O-C stretch respectively.68  More details involving FTIR data 
related to functionalized nitrocellose will be described in chapter 3.  
 The alpha cellulose modified with silyl isocyanate and the neat alpha cellulose were 
subjected to H2O contact angle measurements for comparison. The cellulose materials were 
pressed into pellets. Neat alpha cellulose show complete wetting when H2O droplets were 
dispensed on the pellet surface. The modified alpha cellulose showed a θAdv/θRec contact 
angle of 98/75 respectively. Chapter 4 will describe the wetting of functionalized NC 
surfaces in detail. 
 Finally, elemental analysis of the modified alpha cellulose show a percent silicon at 
~3 %. This result, along with the promising results obtained from FTIR and contact angle 
measurements, provided evidence of chemical functionalization of a carbamate layer, and 
buildup of silane. These findings gave us the information we needed to proceed with the 
work described in the following section. 
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Figure 2- 3: FTIR comparison of neat alpha cellulose 
(bottom) and alpha cellulose reacted with 3-(triethoxypropyl isocyanate) (top). 
 
 
2.5  Nitrocellullose Functionalization with Acyl Chloride and Isocyanate 
2.5.1  Preconditioning of Nitrocellulose  
 NC was laid out on a Pyrex 125 mm watch glass surface and heated at 100°C for one 
hour in an a Binder explosion proof oven to eliminate excess moisture. Sample was allowed 
to cool in a Pyrex desiccator in the presence of a calcium sulfate desiccant. 1.5 grams of NC 
was weighed out in a 3 necked round bottom flask under a nitrogen purge. A stir bar and 
50ml THF was added to vessel.  A 100 ml condenser was fitted in the center neck while the 
other two necks were capped with a rubber septum to provide a moisture free environment. A 
thermocouple was penetrated through a septum to monitor temperature. The NC solution was 
allowed to stir for 48 hours at room temperature. As previously mentioned, NC must be 
efficiently stirred to promote optimal dissolution in THF. We have conducted experiments to 
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determine an optimal stir time at a fixed stir rate of 400 rpm and up to one week using a 
Chem Glass stir plate. 
 
2.5.2  General Information 
 Imidizole (>99%), (acyl chlorides (>95%): pentafluorooctanoyl, nonafluorooctanoyl, 
pentafluorobenzoyl, 3,3,3,-trifluorpropionyl), (Isocyanates: pentafluorophenyl (95%), 3-
(triethoxysilylpropyl)  (95%), trifluoromethylphenyl (95%), trimethylsilyl (95%)), dibutyl tin 
dilaurate (95%), toluene (99.8%), Tetrahydrofuran (THF) (HPLC grade, uninhibited),  n-
hexadecane ( used as probe fluid) (>99%), (all from Sigma-Aldrich, St. Louis, MO). Water 
was purified using a Hydro company ultrapure UV pump and filters. 
 
2.5.3  Nitrocellulose Surface Functionalization with Acyl Chlorides 
 Our literature search sent us in the direction using perfluorinated acyl chlorides to 
functionalize NC for the purpose of increasing the hydro/lyophobicity of NC. The use of acid 
chlorides appeared to be a potentially mild reaction in the presence of cellulose,42-45 
specifically, with the perfluoroacylation of ethyl cellulose.45 The challenge with NC was the 
need to identify a mild base to use for the reaction. We initially chose imidizole as a base, 
which is described in literature43 (Figure 2-4) for reacting acyl chlorides with ethyl cellulose, 
however, reactions resulted in noticeable degradation of nitrocellulose in the presence of 
imidizole. During the reaction process, the products turned a brown color indicating the NC 
had crashed out of the solution, possibly due to the proton on the imidizole reacting with the 
nitrate ester on the surface of NC. We then proceeded to use di-isopropyl ethyl amine 
(Hunig’s base). Hunig’s base is known to act as a protecting agent (Figure A-14 Appendix 
A). The nitrogen atom is shielded by two isopropyl groups and an ethyl group, in which only 
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a proton is small enough to fit.71 Therefore, we hoped that the Hunig’s base would prove as a 
good candidate for the mild reaction needed to modify nitrocellulose. We used 2.0 grams of 
nitrocellulose (13.15% nitrated) dissolved in THF (50ml) and stirred at room temperature 
until fully dissolved and stirred for 48 hours, based on our previous findings pertaining to 
optimal stir time.  
 
Figure 2- 4: Perfluoracylation of ethyl cellulose. 43 
Image reproduced from reference 43, Permission from American Chemical Society, 2006. 
 
The fluorinated acyl chlorides chosen for NC surface modifications include 3,3,3-
trifluorpopionyl, pentadecafluorooctanoyl, pentafluorobenzoyl, and nonafluoropentanoyl 
acyl-chlorides. According to literature, these structures show significant increase in 
lyophobicity of surfaces containing hydroxyl moieties.41, 42, 43 The reaction was performed for 
each acid chloride in the presence Hunnig’s base (1ml) and stirred for 12 hours at room 
temperature. An example of a reaction with NC and perfluorinated acyl chloride is shown in 
Figure 2-5. Reactions were filtered through a 25um PEP filter membrane and precipitated out 
with 1 liter of H20. Samples were dried at 100°C for 1 hour. 
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Figure 2- 5: Reaction of nitrocellulose with perfluorinated acyl chloride. 
                                            (Chem Draw version 19.1) 
2.5.4  NC Surface Functionalization with Isocyanates 
 It is well known that fluorinated and silyl isocyanates can react with the hydroxyl 
groups of cellulose via nucleophilic substitution.44 ,73, 74, 78 This nucleophilic substitution 
forms a carbamate through the alteration of the isocyanate (NCO) group.73 Procedures in 
which NCO reacts with the hydroxyl groups of cellulose to produce a more 
lyophobic/hydrophobic ester group is referenced in vast amounts of work pertaining to 
cellulose surface modification.72-78 As described in section 2.2.1 we performed a reaction 
using alpha cellulose and silyl isocyanate. The successful results from the characterization of 
this reaction proved it to be promising for further work with NC. However, there has been no 
work to our knowledge on isocyanate reactions with NC. We therefore performed the surface 
modification of 13.14 % and 11.04 % NC with fluorinated and silyl isocyanates. The 
compounds used in this study included pentafluorophenyl, trifluoro-methyl-phenyl, 3-
(triethoxysilyl propyl), and trimethylsilyl isocyanates. We chose dibutyl tin dilaurate 
(DBTDL) as reaction catalyst based on previous work reacting isocyanates.63 
Pentafluorophenyl and 3-(triethoxysilyl propyl) NCO were chosen as the initial reaction 
candidates with nitrocellulose for their availability and well-defined functionality. The 
reaction proceeded with 2.0 grams of NC being dissolved in 50 milliliters of tetrahydrofuran 
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and stirred for forty eight hours in a moisture free environment. 1mL of isocyanate was 
dispensed drop wise in the reaction vessel. Several drops of DBTDL was added to the 
reaction. Reactions were stirred for two hours at room temperature, filtered through a 
polypropylene filter membrane and precipitated out with 1 liter of H20 and washed with 
excess H20. Samples were dried in an oven at 100°C for 1 hour. The reaction chemistry of 
NC and pentafluorophenyl isocyanate is depicted in Figure 2-6. 
 
Figure 2- 6: Reaction of nitrocellulose with 3-(triethoxysilyl propyl) isocyanate. 
                                                (Chem Draw version 19.1) 
2.5.5  Discussion  
 Results from characterizing acyl chloride reactions in the presence of Hunnig’s base 
show polymer chain degradation and reduction of nitro group functionality. Therefore, at this 
point in our work, we turned our attention to the isocyanate chemistry and what would 
hopefully provide a more mild reaction to successfully modify the surface of NC, without 
jeopardizing its chemical structure. Disregarding large contact angle hysteresis, the chemical 
and thermal results for isocyanate reactions looked promising. Although we hadn’t totally 
ruled out the possibility of revisiting the use of acyl chlorides for NC modification, in order 
to optimize reaction conditions, we decided to search for a reaction that would give us more 
promising characterization results in terms of stable functionalization of NC. With further 
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research we demonstrated the use 3-triethoxysilylpropyl isocyanate and its potential as viable 
candidate for NC surface functionalization. After its initial treatment with NC, we noticed 
this functionality demonstrated adequate characterization results pertaining lyophobicity and 
stability. 3-(triethoxysilylpropyl) isocyanate presented the most promising results out of the 
isocyanates chosen for surface modification of nitrocellulose. What is especially interesting 
based on further review, previous work details the cross linking functionality of the 3-
(triethoxysilylpropyl) isocyanate in the presence of hydrolysis.44,84 We hoped that the 
crosslinking properties of 3-(triethoxysilylpropyl) isocyanate may provide an increased 
formation of hydroxyl groups, acting as a primer layer on the surface of NC, for further 
surface functionalization. 
 
2.6  Surface Chemistry Approach to Control Wetting of Nitrocellulose with 
Nitroglycerin 
 
 In this section we discuss several approaches of surface functionalization to reduce 
wettability of NC with energetic plasticizer NG. In the first approach we use two dissolution 
reactions in which NC is treated with either 3-(triethoxysilylpropyl) isocyanate or 
tetramethoxysilane (TMOS) in THF, followed by hydrolysis. The silyl isocyanate is 
chemically grafted to NC via propyl carbamate linkages. TMOS forms a siloxane network 
directly to the surface of NC. Both reactions yield silanol rich surfaces.  
 Next, the silanol-modified NC was reacted with various organosilanes of general 
formula RSiXn (R=alkyl-, phenyl-, fluoroalkyl-; (X=Cl or CH3O)) producing a series of 
lyophobic NC materials. The second approach used for modifying the surface of NC is a 
direct approach that introduces TMOS vapor to a flat NC pellet, forming a silanol rich 
surface. The silanol rich NC surface is then further exposed to dimethyldichlorosilane vapor 
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or monofunctional organosilane to produce the desired lyophobic NC surface.  We also had 
the need to search for reactions that would sufficiently establish surface silanol for lyophobic 
reactions on a solid surface. We found that TMOS performs well in vapor phase90, 91 
producing surface silanol on NC (Figure 2-7). We turn to the well understood, robust Si-O-Si 
functionality that is highly chemically and thermally stable.19,20,21 The organosilane 
functionality is commercially available, possessing an endless variety of R groups that 
provide various degrees of lyophobicity20 detrimental to our work. 
 Nitroglycerin (NG) is incorporated in the propellant formulations as a powerful liquid 
explosive, and it also functions as a plasticizer.1,3,5,6 Due to complete wetting, NG has the 
tendency to sweat throughout a propellant grain leading to performance and safety problems 
which have long been documented.2,3 Long term storage of NG based propellants has caused 
explosions and fires due to sweating of the energetic material throughout the propellant 
matrix.5,6 Accordingly, a need exists to prevent sweating and leakage of NG in propellant 
without compromising the desired energetic properties. Recently, we proposed a surface 
chemistry approach to address this problem by means of developing lyophobic NC surfaces15 
that inhibit sweating of NG, improve safety parameters, enhance performance of NC 
contained products, and show the potential of utilizing a surface modified NC for 3-D 
printable explosives. 
2.6.1  Organosiloxanes R4-nSiXn 
 Organosilanes with the general formula R4-nSiXn(n=1,2,3.) where X is a hydrolysable 
group (X=Cl,OR,NR2,H) are very powerful reagents for surface modification.
19 A large 
variety of organosilanes are commercially available, allowing an expanse of surface 
functionalities.72, 81 The linkage of Si-O is synomonous with the word “robust”. Meaning the 
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linkage between the silane and the surface show good thermal and chemical stability. The 
fundamental properties of siloxane (Si-O-Si) backbones is high flexibility and high thermal 
stability.19, 20 Silanes greatly expand the versatility of surface functionalization.19 Here we 
primarily use functional groups with the formula RSiX3. The molecules deemed as ‘parent 
molecules’ in Appendix A depict the organosilane structures used to lyophobize NC.  
 
2.6.2  General Information 
 The nitrocellulose (NC) used in this study was a blended military grade cellulose 
12.47%N by mass (Radford AAP, VA).  Nitroglycerin (NG, 99.9%) was supplied as 5% 
solution in ethanol (SDM 36) by Copperhead Chemical Company (Tamaqua, PA). 
Tetrahydrofuran (THF) (HPLC grade, uninhibited), 3-(triethoxysilylpropyl) isocyanate 
(95%), dibutyl tin dilaurate (95%), toluene (99.8%), and n-hexadecane (>99%) were used as 
received (all from Sigma-Aldrich, St.Louis, MO). Tridecafluoro-1,1,2,2,-
tetrahydrooctyltrimethoxysilane (95%), n-octadecyldimethylchlorosilane (>97%), 
dimethyldichlorosilane (>99%), phenyltrichlorosilane (>95%), and tetramethoxysilane 
(>99%) were used as received (all from Gelest, Levittown, PA).  Water was purified using a 
Hydro company ultrapure UV pump and filters.  
2.6.3  Experimental 
2.6.3.1  Reaction of Nitrocellulose with 3-(Triethoxysilylpropyl) Isocyanate and other 
Silanes 
 The preconditioned NC (1.5 g) was dissolved in 50 mL of THF and several drops 
(~0.5 mL) of tin dibutyldilaurate was added to the reaction vessel as catalyst.62 3-
(triethoxysilylpropyl) isocyanate (1 mL) was added drop-wise and stirring at room 
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temperature for 4 hours was then completed. The material (silyl- propyl-modified-NC) was 
rinsed on a 5 µm polypropylene filter membrane with 50 mL of THF then rinsed several 
times with distilled water and dried in an oven at 100°C for 1 h. ~1.5 g of silyl-propyl-
modified NC was dissolved in 50 mL of THF. Next, Either tridecafluorotetrahydrooctyl 
trimethoxysilane, n-octadecyl dimethylchlorosilane, dimethyl- dichlorosilane, or 
phenyltrichlorosilane was added drop wise (~1 mL) and stirred overnight. The reactions were 
quenched by dropwise addition of water. The functionalized NC was then collected on a 
filter, rinsed with 50 mL of THF then rinsed several times with distilled water and dried in an 
oven at 100°C for 1 h.  
 
2.6.3.2  Vapor Approach for Preparation of Organosilane Surfaces 
2.6.3.2.1  Preparation of Tetramethoxysilane Surface 
 Formed pellets (as described in the experimental section) of either neat NC or silyl 
isocyanate reacted NC were placed in a 25 mL enclosed Pyrex glass weigh dish with two 
1mL beakers containing 1 mL each of tetramethoxysilane (TMOS) and left overnight to 
react. Reactions were performed at room temperature.  
2.6.3.2.2  Preparation of Polydimethylsiloxane Surface 
 The pellets that were formed from either neat NC or reacted NC were transferred to a 
25 mL enclosed Pyrex glass weigh dish containing a 1mL of dimethyldichlorosilane in a 2 
mL beaker and allowed to react overnight. Reactions were performed at room temperature. 
The NC pellets reacted with TMOS were reacted with either 1 mL n-
octadecyldimethylchlorosilane or fluoro-alkyl with 25 mL toluene in an enclosed rounded 50 
ml glass reaction vessel. Reactions were stirred overnight at room temperature. The pellets 
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were removed from the toluene and placed in a vacuum oven for 1 hour at 100°C. 
 
2.7  Results  
 In this work, we explored several synthetic pathways for surface functionalization of 
nitrocellulose fibers (NC).Figure 1 summarizes the structures of the reagents used and the 
reaction schematics.  The rational for the reactions chosen is outlined below.  The NC used in 
this study showed 12.47% of nitrogen (by mass). Although this was considered a high degree 
of nitration, the number was less than the theoretical maximum of 14.14 %N (by mass) 
corresponding to fully nitrated cellulose. Significant portion of cellulose OH groups were not 
substituted with nitro groups providing centers for surface functionalization. In the 
preliminary research, we have tested and compared several reactions to bind to these OH 
groups, including the reactions of alkanoyl-, fluoroalkanoyl chlorides and alkоxy silanes. 
Although the use of alkanoyl- and fluoroalkanoyl chlorides was well-known for 
functionalization of cellulose, 42-45 these reactions did not fare well with NC and resulted in 
partial degradation of nitro groups. The direct use of alkoxysilanes, while demonstrating 
chemical functionalization and a buildup of siloxane surfaces, was considered compromised, 
primarily due to poor stability of grafted groups attached to NC via labile Si-O-C bonds (see 
Table 1 and more discussion below). The most effective and powerful method was proven to 
be the reaction of NC with triethoxysilylpropyl isocyanate. The use of this reagent was 
reported previously for functionalization of cellulose,44  but, to the best of our knowledge, it 
has not been reported for the reactions with NC. Triethoxysilylpropyl isocyanate was a 
bifunctional reagent: the isocyanate groups were able to bind to the OH groups of NC via 
carbamate linkage, while triethoxysilyl moieties (in presence of moisture) were able to 
40 
  
hydrolyze, each producing three silanol groups that were attached to the NC backbone via 
propyl linker (Figure 1, reaction I). Triethoxysilyl isocyanate acted as a “priming reagent” 
introducing reactive silanols bonded to the NC through the set of robust covalent bonds The 
silanol-modified NC could be further functionalized using known methods of silane coupling 
chemistry to tailor its surface properties. The silane coupling involves formation of strong Si-
O-Si linkages and results in chemically and thermally stable coatings.91, 92 The organosilanes 
having a virtually endless variety of functional groups are commercially available.71 This 
provides powerful method to decorate the NC with desired functionalities to control its 
surface energy and surface properties including wetting, adsorption, and adhesion. Since the 
main goal of this particular work was producing non-polar low-energy NC surfaces, we 
focused on the functionalization of the NC with alkyl-, fluoroalkyl-, dimethylsiloxy-, and 
phenyl-groups generating a range of lyophobic non-polar NC materials (Figure 1, reaction 
II). The reaction of silanol-modified NC with tetramethoxysilane produced cross-linked 
silanol- siloxane network chemically attached to the NC (Figure 3-1, reaction III). This NC 
with silica-like surface can also be further modified using the methods of CAMs or SAMs 
chemistry developed for the functionalization of silicas.93, 94   In this work, this approach was 
used to prepare NC with thicker coatings with higher surface coverage of organosilicon 
groups (Figure 3-1, reaction IV). 
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Figure 2- 7: Reaction Schematic for the covalent functionalization of nitrocellulose with 
organosilanes. 
                                                       (Chem Draw version 19.1) 
2.8  Discussion 
 In the previous section, Figure 2-7 describes a condensed version of our reaction 
schemes. A further detailed discussion of the chemistry and break down of reaction schemes 
is warranted. Our approaches for surface modification of NC result in several avenues to 
obtain lyophobic surfaces. In Figure 2-8 we show the reaction in which NC is dissolved in 
THF and treated with 3-(triethoxysilylpropyl) isocyanate in the presence of catalyst. The silyl 
isocyanate is chemically grafted to NC via propyl carbamate linkages. After hydrolysis the 
silanol-modified NC is reacted with various organosilanes of general formula RSiXn 
(R=alkyl-, phenyl-, fluoroalkyl-; (X=Cl or CH3O)) producing a series of lyophobic NC 
materials. This reaction demonstrated the bi-functionality of the 3-(triethoxysilylpropyl) 
isocyanate.  In Figure 2-9, we render the fibrous NC powder possessing the propyl carbamate 
termination. The solid surface is then exposed to TMOS vapor, allowing further treatment of 
multiple pathways to produce various surfaces with general formula RSiXn (R=alkyl-, 
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phenyl-, fluoroalkyl-; (X=Cl or CH3O)). In Figure 2-10 we demonstrate a subsequent 
reaction for the the direct functionalization of NC. First, a dissolution method that reacts NC 
with TMOS in THF is followed by hydrolysis. The next reaction in Figure 2-10 demonstrates 
a TMOS vapor method that forms a thick primer layer directly to NC.  The NC reacted with 
TMOS is used as a powder or pellet to be used as a reaction substrate. TMOS, in both cases, 
forms a siloxane network directly to the surface of solid NC. Both reactions yield silanol rich 
surfaces. The silanol rich NC surface is then further exposed to dimethyldichlorosilane vapor 
or monofunctional organosilane to produce the desired lyophobic NC surface.    
 The treatment of a surface with 3-(triethoxysilylpropyl) isocyanate and 
tetramethoxysilane are known to have crosslinking properties that can provide more hydroxyl 
groups for further surface modification.60, 61, 91  The effectiveness of 3-(triethoxysilylpropyl) 
and TMOS provide an increase of hydroxyl sites via siloxane crosslinking. We applied the 
term “primer layer” to illustrate the utility of the 3-(triethoxysilylpropyl) propyl carbamate on 
NC. We initially utilized these functionalities as dissolution phase reactions but we also 
needed to develop reactions that would sufficiently establish surface silanol for lyophobic 
reactions on the solid surface. We found that TMOS and PDMS performed well in vapor 
phase72, 86 producing surface silanol and polysiloxane respectfully on NC.  
 
2.9 Conclusion 
 In this chapter we demonstrated surface functionalization on NC, derived from 
techniques used in cellulose modification. This reaction demonstrated that our selected 
reaction conditions were successful in the presence of optimal hydroxyl sites. We explored 
NC surface modification by means of hydroxyl group esterification first by using 
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Figure 2- 8: Synthesis of 3-(triethoxysilylpropyl) Carbamate Linkage on Nitrocellulose  
and hydrolysisof R=fluoroalkyltrimethoxysilane, nalkyldimethylchlorosilane, 
dimethyldichlorosilane, or phenyltrichlorosilane. 
Chem Draw version 19.1 
 
Figure 2- 9: Reaction of TMOS Vapor on Nitrocellulose 
 with the carbamate linkage generating additional surface silanol for the addition of 
R=dimethyldichlorosilane. Chem Draw version 19.1 
 
 
 
 
Figure 2- 10:  Synthesis of Surface Silanol on Nitrocellulose  
using TMOS and hydrolysis of R=fluoroalkyltrimethoxysilane, alkyldimethylchlorosilane, 
dimethyldichlorosilane and reaction of tetramethoxysilane vapor on NC generating additional 
surface silanol for the addition of R= dimethyldichlorosilane and alkyldimethylchlorosilane. 
Chem Draw version 19.1 
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perfluorinated acyl chlorides. However, the use of acyl chlorides and the accompanied 
reaction conditions, at this time, did not fare well for NC modification, due to the observed 
degradation of nitro functional groups during the reaction. Although it may be beneficial to 
return to the utilization of acyl chlorides for NC modification, this work thus lead us to 
investigate the use of isocyanates. We Demonstrated in this chapter this is where we 
discovered the effectiveness of the 3-(triethoxysilylpropyl) functionality, which we 
demonstrated could provide an increase of hydroxyl sites via siloxane crosslinking of 3-
(triethoxysilylpropyl) to form the propyl carbamate primer layer.  
 We described the covalent surface functionalization of nitrocellulose (NC) focusing 
on the preparation of the NC materials with “tunable” surface properties, specifically with 
controlled wetting with energetic plasticizer nitroglycerin (NG).  We found that even highly 
nitrated NC (12.47%N) contained sufficient amount of free hydroxyl groups that could be 
effectively modified leading to various functionalized NC derivatives.  The most effective 
method involved the activation of NC by the reaction with bifunctional reagent 
3(triethoxysilylpropyl) isocyanate. In Chapter 3, we discuss how FTIR and chemical 
analysis, demonstrates the isocyanate groups bound to the OH groups of NC via carbamate 
linkage, while triethoxysilyl moieties (after hydrolysis) produced cross-linked siloxane-
silanol surfaces, in a similar fashion reported for conventional cellulose substrates.59, 60  The 
silanol-grafted NC was subsequently reacted with various organosilanes of general formula 
R3SiX, R2SiX2, and RSiX3 (R=alkyl-, phenyl-, fluoroalkyl-; X=Cl) and Si(CH3O)4 producing 
a series of surface-functionalized NC materials without degradation of its nitro groups. Also 
in Chapter 3, based on results from SEM and DSC, there was no significant change neither in 
fiber morphology nor in thermal decomposition profiles of the modified NCs as compared to 
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bare NC suggesting that the bulk properties of NC were not affected and that the reactions 
largely involved surface functionalities. 
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Chapter 3: Characterization of Nitrocellulose Reactions 
3 TO be blank Later 
3.1  Abstract  
 In Chapter 2 we demonstrated multiple chemical functionalization approaches aimed 
at the preparation of interfaces on NC to control wetting and to inhibit leaking of NG. In 
Chapter 3, we discuss chemical characterization approaches to confirm successful chemical 
reactions with NC and organosilanes. Percent atomic analyses show presence of elemental 
fluorine and silicon on chemically modified fibers and confirms the presence nitro groups as 
a comparison for post reacted NC to bare NC. Gel permeation chromatography was used to 
confirm nitrocellulose dissolution and polymer chain degradation of nitrocellulose. FTIR 
results show evidence of carbonyl functionality and silanol/siloxane build up on the 
functionalized NC surfaces. Differential Scanning Calorimetry (DSC) compares onset and 
decomposition temperature of bare and treated NC. Scanning electron microscopy (SEM) 
demonstrates the fibrous surface morphology of NC. X-ray photo electron spectroscopy 
(XPS) results demonstrate uniformed thickness of perfluoro alkyl and polydimethylsiloxane 
(PDMS) in which completely attenuates nitrogen on the NC and silyl propyl carbamate 
functionalized surfaces. Detection of carbonyl carbon at 289 eV confirms the presence of 
carbamate on the surface of NC reacted with of 3-(triethoxysilylpropyl) isocyanate. 
Deconvoluted C 1s spectra resulted in peaks at 291 and 293 eV representing presence of CF2 
and CF3 on the surface of fluor-alkyl treated NC.  
3.2  Introduction 
 In this Chapter we utilized a variety of methods to characterize the surface 
functionalization of military grade nitrocellulose (NC). Here, we report a rigorous set of 
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characterization parameters to confirm surface modification and thermal stability. DSC 
analysis is used to evaluate the onset and peak decomposition temperatures of treat NC 
surfaces compared to bare NC.  Elemental analysis was used to indicate the attachment of 
silyl propyl groups to NC and provide evidence of silanol/siloxane build up. Percent nitrogen 
analysis was used to  monitor the thermal stability of conditioned modified NC in the 
presence of surface NG. FTIR was used to monitor reaction conditons, providing spectra in 
accordance with functional group formation. SEM was used to observe changes in fiber 
morphology of bare and treated NC.  
Contact angle measurements of H2O on the surface of treated surfaces 
 In this chapter, we report the atomic percentage and binding energies of the treated 
NC surfaces determined by X-ray photo electron spectroscopy (XPS). As a surface-sensitive 
technique, the XPS presented information about the composition and the chemical state of 
the elements in the top 3-10 nm layer of the material.125, 126 XPS utilizes a monoenergetic 
beam of soft X-rays to measure binding energies of electrons ejected by the ionizations of 
atoms on a solid surface of Angstrom level depth depending on the element. Here, we report 
a rigorous set of characterization parameters to confirm surface modification. 
 
3.2.1  General Information 
 The number and weight average molecular weights (Mn and Mw respectively) were 
determined by Gel Permeation Chromatography (GPC) at 30°C with a Viscotek TDA model 
300 Triple Decker array, GPC MAX VE 2001 solvent/samples module, calibrated with 
PolyCal UCS-PS polystyrene standards. Column used was a linear 300 x 7.8 mm 10 um 
Phenomenex Phenogel. Onset and decomposition temperatures were recorded using 
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differential scanning calorimetry (DSC) Perkin Elmer DSC4000 at a rate of 5°/minute up to 
400°C under nitrogen flow at 40ml/min. DSC samples were prepared in Perkin Elmer 
aluminum DSC pans. Scanning electron microscopy images were generated using a JOEL 
5600 SEM.  NC fibers (bare and modified) were sputter coated using a Denton Vacuum II 
sputter coater with a gold/palladium coating as to reduce charging in the SEM. Elemental 
analysis of C,H,N was determined by a Perkin Elmer Model 2400 CHN analyzer under a 
helium carrier gas at an operating temperature of 950°C.  A Cahn electro balance was used to 
weigh samples into tin sample capsules which were 6 x 4 mm in size. Calibration standard 
used was a 141d acetanilide standard. Elemental fluorine was determined by a fluorine ion 
specific electrode, F-ISE, Orion. Elemental analysis for Si was determined by using 
inductively coupled plasma optical emission spectroscopy (ICP-OES).  
 The X-ray photoelectron spectra were recorded at the Surface Analysis Laboratory, 
Polymer Science and Engineering Department, University of Massachusetts-Amherst 
(courtesy of Director J. Hirsh and Prof. T.J. McCarthy) with a Physical Electronics Quantum 
2000, Scanning ESCA Microprobe using Al monochromatic X-Rays.  Spectra were obtained 
at 45° take off angle with the spot size ~200 𝜇𝑚.  The spectra were analyzed using the 
MultiPak software.124  Unless specified otherwise, spectra were collected in duplicates and 
the results on the reported atomic compositions were average of two runs.   
 
3.3  Gel Permeation Characterization (GPC) of Nitrocellulose 
 In this section, we discuss using a size exclusion (GPC) method to monitor the 
stability of the NC polymer chain before and after exposure to reaction conditions. We 
discuss NC surface modification by hydroxyl group esterification using perfluorinated acyl 
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chlorides and isocyanates.42,43,44 Procedures obtained from the literature described successful 
surface functionalization of ethyl cellulose.43 
 Gel permeation chromatography (GPC) is a size exclusion technique used to study the 
molar mass distribution (Mw), and the number-average molar mass distribution (Mn) of NC. 
Historically, it has been the standard method for estimating the molecular weight and 
polydispersity of nitrocellulose samples. However, there are issues using this method related 
to a standard method of calibration of the GPC equilibrium curve and adequate detector 
selection.9 Narrow molecular weight range of polystyrene standards are used to calibrate the 
elution volume of the GPC instrument. The separation is based on hydrodynamic volume and 
not molecular weight. A problem arises because a molecule of nitrocellulose that has the 
same elution volume as a molecule of polystyrene may have a different molecular weight.9, 69, 
70  Therefore, proper correction must be used or an error in absolute molecular weight 
measurement occurs. 9, 69, 70  We found with the instrumentation used for our studies, the most 
common problem was solvation of NC by tetrahydrofuran (THF). Previous experiments 
suggests that NC contains a high stiffness structure.9 The stiffness of the NC polymer causes 
observed changes in Mw values with dissolution time of nitrocellulose in THF. Previous 
work explains that it can take up to seven days for an NC solution in THF to obtain stable 
molecular weight results. NC with higher percent nitrogen content needs less time to achieve 
complete dissolution. 9, 70 With this in mind monitored the dissolution time of NC in THF in 
order to help us capture a consistent molecular weight distribution so we would have a tool to 
compare molecular weight distributions of bare NC with treated NC. 
 In the early stages of our work, we found it necessary to optimize size exclusion 
(GPC) methods to characterize our work, as molecular weight of NC relates to providing a 
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sufficient method to confirm polymer chain stability. We needed to be able to identify a 
baseline molecular weight distribution for our lots of bare NC. Establishing a reproducible 
Mn & Mw was essential so we could compare molecular weight changes with functionalized 
NC. We hoped that GPC could provide reproducible data points that relate to NC polymer 
chain stability. Our initial experiments were performed to identify the solubility of NC in 
tetrahydrofuran (THF). THF is known to be a suitable solvent for NC dissolution.9 We 
performed experiments with GPC to identify the optimal stir times in THF for NC used in 
this study. Stir times ranged from 8 hours to 1 week. GPC data showed a stabilized molecular 
weight distribution of 13.15% nitrated NC at 48 hours of stirring (Table 3-1). We observed 
after 48 hours the Mn and Mw would fluctuate between ~72-79 kDa and ~862-892 kDa 
respectively. Each stir time value is based on an average of ten runs. As will be seen in the 
following sections, the values for reactions that result in polymer chain degradation our quite 
evident, and are backed up by complementary methodology that indicate instability.  
Table 3- 1: Molecular Weight Distribution (in thousands) for Timed Stirring of 
Nitrocellulose in THF. 
   
    Stir time Mn (kDa) Mw (kDa) 
     8 hours 53 470 
    24 hours 56 592 
    36 hours 67 692 
    48 hours 79 880 
      3 days 78 862 
      4 days 76 881 
      5 days 72 892 
      6 days 79 878 
    1 week 77 879 
 
3.4  Characterization of Acyl Chlorides and Isocyanate Modified NC 
GPC analysis was performed to determine NC polymer chain stability after reaction 
condition exposure. Bare and reacted NC were compared for changes in molecular weight 
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distribution. Results in Table 3-2 shows an increase in Mn for pentadecafluorooctanoyl and 
pentafluorobenzoyl acyl chlorides and a decrease in Mn for nonafluoropentoyl and 3,3,3-
trifluoropropionyl acyl chlorides compared to bare nitrocellulose. Mw decreases for all 
selected acyl chloride reactions with NC compared to bare nitrocellulose. The low Mw 
results compared to bare NC is most likely a result of potential degradation of the larger 
polymer chain during the reaction. GPC analyses was also performed on NC treated with 
NCO. Mw and Mn for NC treated with pentafluorophenyl and 3-triethoxysilyl propyl NCO 
was compared to bare NC. Results in Table 3-2 shows an increase in both the number 
average molecular weight Mn and the weight average molecular weight Mw for both the 
surface modified 13.15 % and 11.04% NC. The increase of molecular weight distribution for 
the isocyanate treated NC suggest a presence of surface functionalization, and maintained 
stability of the polymer chain. 
Table 3- 2: Gel Permeation Chromatography (GPC)  
Data for Bare and Treated Nitrocellulose (in thousands). 
GCP samples Mn (kDa) Mw (kDa) 
Perflourinated acyl Chlorides    
pentadecafluorooctanoyl  92 396 
nonafluoropentanoyl 29 176 
pentafluorobenzoyl 76 340 
3,3,3-trifluoropropionyl 48 372 
Isocyanates   
11.04% NC Pentaflourophenyl  76 995 
13.15% NC Pentaflourophenyl  92 980 
11.04 % 3-triethoxysilyl propyl  94 916 
13.15 % 3-triethoxysilyl propyl  96 979 
Bare NC reference 13.15/11.06% 64/58 586/502 
 
 To determine if nitro groups remained intact during the reaction and if fluorine was 
present, the treated NC was analyzed to obtain percent elemental analysis for nitrogen and 
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fluorine. Results in Table 3-3 show percent nitrogen decreased for the listed acyl chloride 
modified NC reactions. The decrease in percent nitrogen provided conformation of polymer 
chain instability, in line with the data obtained from the GPC results, suggesting degradation 
due to reaction conditions. Pentadecafluorooctanoyl, nonafluoropentoyl, and 
pentafluorobenzoyl acyl chloride modified NC show a degree of fluorination, whereas 3, 3, 
3-trifluoropropionyl acyl chloride modified NC was absent of fluorine.  
 Fluorine was present (~4 % and ~3 %) for 11.04% and 13.15% pentafluorophenyl 
isocyanate functionalized NC respectively. The slightly higher amount of fluorine for the 
11.04% nitrated cellulose may suggest increased availability of hydroxyl groups.  Elemental 
Si analysis for 3-triethoxysilyl propyl isocyanate functionalized NC resulted in 1.22% for the 
reaction with 11.04% NC and 0.43% for the 13.15% NC reaction, indicating again that the 
11.04% NC may have more reaction sites due to the higher percentage of Si. 
Table 3- 3: Elemental Analysis Data for Nitrocellulose Functionalized with Acylchlorides 
and Isocyanates. 
Sample 
Elemental 
analysis  
Elemental 
analysis  
Elemental 
analysis  
NC/fluorinated acyl chlorides ~ %  Fluorine     % Nitrogen          % Silicon 
13.15% 3,3,3 
Trifluoropropionyl 
0 9.69 Not applicable 
13.15 % Pentadecafluoroctanoyl 3 10.98 Not applicable 
13.15%  Pentafluorobenzoyl 2 7.79 Not applicable 
13.15%  Nonafluoropentanoyl 2 12.13 Not applicable 
NC/pentafluorophenyl NCO    
11.04 % Pentafluorophenyl 
NCO 
4 11.56   Not applicable 
13.15 % Pentafluorophenyl 
NCO 
3 12.25    Not applicable 
11.04 % 3-triethoxysilyl propyl 
NCO 
    Not applicable 12.51 1.22 
13.15 % 3-triethoxysilyl propyl 
NCO 
    Not applicable 12.58 0.43-0.82 
Neat NC 13.15%     Not applicable 12.47     Not applicable 
*From triple repeat analysis, the standard errors were estimated to be <0.15% for C,H,N,Si and <0.5% for F. 
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 Differential Scanning Calorimetry (DSC) was used to compare peak decomposition 
temperatures of the fluorinated acyl chloride modified NC with baseline NC. Nitrocellulose 
is known to have peak temperature at ~200°C when analyzed on DSC instrumentation at 5°C 
per minute.83 Table 3-4 shows that 3, 3, 3-trifluoropropionyl modified NC decomposition 
temperature is over a 20°C decrease in temperature than that of bare NC again suggesting 
instability caused by reaction conditions. The decomposition temperatures of the remaining 
perfluoroacyl chloride functionalized NC are consistent with bare NC. The peak height and 
therefore enthalpy, however, decrease for all of the acyl chloride treated NC. DSC thermal 
scans located in Appendix B show reduction in decomposition peak heights for 3,3,3,-
trifluoropentanoyl and nonafluoropentanoyl acyl chloride modified NC compared to the 
distinct peak decomposition of bare NC. The peak height/enthalpy and decomposition 
temperature of pentafluorophenyl and 3-triethoxysilyl propyl NCO isocyanate modified NC 
are consistent with bare NC at 5°/minute. 
 
Table 3- 4: DSC Decomposition Temperatures for Nitrocellulose 
Reacted with Acylchlorides and Isocyanates. 
  
DSC samples Decomposition   temperature °C 
NC/fluorinated acyl chlorides  
3,3,3 Trifluoropropionyl         168.01 
Pentadecafluoroctanoyl         195.58 
Pentafluorobenzoyl         194.73 
Nonafluoropentanoyl         200.48 
NC/pentafluorophenyl NCO  
11.04 % Pentafluorophenyl NCO         206.35 
13.15 % Pentafluorophenyl NCO         207.29 
11.04 % 3-triethoxysilyl propyl NCO         198.56 
13.15 % 3-triethoxysilyl propyl NCO         198.52 
            Bare NC 13.15%         201.66 
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3.5  Characterizing the Reaction of Nitrocellulose Isocyanate and Organosilanes 
 Analysis by FTIR was performed using a Perkin Elmer Spectrum 100 spectrometer. 
FTIR samples were prepared by weighing out 1 milligram of NC materials to 200 milligrams 
of potassium bromide to form pellets or by using solid state ATR.  FTIR samples were 
pressed using a Perkin Elmer 13mm IR die under a Carver Laboratory Press at 8 metric tons 
pressure and held for 1 minute to ensure adequate pellet formation. 
 The progress of the reactions was monitored by FTIR. Figures 3-1 presents an overlay 
of representative FTIR spectra illustrating changes in the absorption bands for a sequential 
functionalization of NC with organosilanes. Spectra of neat NC (Figure 3-1a) showed three 
strong bands at ~1665 cm-1, ~1275 cm-1, and ~826 cm-1, which represented O-NO2 
asymmetric, symmetric stretching, and N-O stretching respectively.65-68 These bands were 
also present in all the spectra of modified NC, indicating the preservation of nitro-groups of 
NC in the reactions. Figure 3-1b shows the spectra of NC that reacted with 
triethoxysilylpropyl isocyanate. It showed a new band at ~1738 cm-1, which was attributed to 
carbonyl stretching, supporting the formation of carbamate species due to reaction between 
isocyanate and hydroxyl groups of NC. The broad band centered ~3350 cm-1 was attributed 
to hydrogen-bonded silanol groups 66-68 obtained after hydrolysis of triethoxysilane moieties. 
Certain portion of these silanols condensed yielding siloxanes as evidenced by the increased 
band at ~1057 cm-1 (Si-O stretching).79 The reaction of this sample with tetramethoxysilane 
(in presence of water to promote hydrolysis and condensation) demonstrated growth of bands 
at 3350 cm-1 (O-H) and ~1054 cm-1 (Si-O) evidencing a buildup of the silanol-siloxane 
network grafted to NC (Figures 3-1c & 3-2). This silanol-grafted NC could be further 
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functionalized with organosilanes. As an example, Figure 3-1d demonstrates the spectra of 
the silanol-grafted NC that was subsequently reacted with n-octadecyldimethylchlorosilane. 
The decrease of the band at ~3350 cm-1 was attributed to the consumption of silanols due to 
their coupling with chlorosilanes. The new bands at ~2922, ~2853 cm-1 and ~1252 cm-1 
attributed to CH2 and Si-CH3 stretching respectively,
67 representing attachment of 
octadecyldimethylsilyl groups to the NC.  
 
Figure 3- 1: FTIR spectra 
 (a) nitrocellulose, (b) NC reacted with silyl isocyanate, (c) nitrocellulose reacted with silyl 
isocyanate and exposed to TMOS vapor. (d) nitrocellulose + silyl isocyanate + TMOS 
reacted with n-octadecyldimethylchlorosilane. 
 
 
Chemical analysis data supported the findings from FTIR and provided quantitative 
information about the extent of substitution in the cellulose chain (Table 3-5). Bare NC 
showed 12.47% N, from which the degree of nitration 9 was determined to be 2.4. Thus, on 
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average 2.4 out of 3 hydroxyl groups per cellulose repeat unit were substituted with nitro 
groups and 0.6 hydroxyls (~20%) remained free. 
 
 
Figure 3- 2: FTIR spectra  
(a) Nitrocelluose (b) Nitrocellulose reacted with tetramethoxysilane in THF, and (c) 
Nitrocellulose reacted with tetramethoxysilane vapor. 
 
The chemical formula of this compound was [C6H7O2(OH)0.6(ONO2)2.4]n. For the NC reacted 
with triethoxysilylpropyl isocyanate, the presence of 0.82% Si along with small increase in % 
C as compared to bare NC indicated attachment of trisilanol propyl groups to NC. From the 
silicon content in this compound, we estimated that ~one out of six OH groups of NC reacted 
with triethoxysilylpropyl isocyanate. Assuming uniform distribution, this corresponded to 
~one trisilanol-propyl group per 10 repeat units of NC. The reactions of this silanol-modified 
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NC with mono-, di- , tri and tetra-functional organosilanes showed further increase in %Si 
and %F (when present) indicating attachment of organosilane groups to the NC. This was 
illustrated by the reactions of n-octadecyldimethyl chlorosilane, dimethyldichloro silane, 
1,1,2,2-tetrahydro- perfluorooctyl trimethoxysilane, phenyl trichlorosilane, and tetramethoxy 
silane (Table 3-5, lines 3- 8). The reaction with tetramethoxy silane produced samples with 
significant Si content (>10%) indicating a build-up of silica-like surfaces grafted to NC. High 
Si content was also observed for the reaction with dimethyl dichlorosilane in presence of 
moisture, the conditions known to facilitate polycondensation and formation of 
poly(dimethylsiloxanes) grafted to the hydroxyl surfaces.94, 95 Table 3-5 also includes the 
data for the direct reaction of TMOS with NC (two bottom lines). The presence of 0.48% of 
Si suggested the attachment of TMOS directly to OH groups of NC. Although these samples 
could be further functionalized with organosilanes in a similar way to the reactions of silyl-
propyl NC (Table 3-5) this approach was fundamentally inferior to the one involving 
triethoxysilylpropyl isocyanate. In the direct reaction of alkoxysilanes with cellulose, the 
organic groups were attached to NC via Si-O-C linkages that are prone to hydrolysis. So 
these coatings were inherently unstable upon exposure to moisture. Also, we noted that the 
amount of silanes grafted in the direct reaction with NC was greatly reduced as compared to 
the reactions using triethoxysilylpropyl isocyanate. This was evidenced by lower Si content 
(Table 3-5) and by weaker silanol band ~3350 cm-1 (H-bonded OH stretching) in the FTIR 
spectra Demonstrated in Figures 3-2 and 3-3. This emphasized the key role of the initial 
activation reaction of NC with triethoxysilylpropyl isocyanate. The latter bonded to NC 
through the set of robust chemical bonds yielding silanol-rich surface thereby providing basis 
for the subsequent functionalization of NC with various organosilanes. Crude kinetics of the 
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water vapor adsorption was performed at room temperature and 100%RH for bare and 
modified NC materials. 
 
Figure 3- 3: FTIR spectra 
(a) silyl-propyl nitrocellulose reacted with tetramethoxysilane and (b) bare nitrocellulose 
reacted with tetramethoxysilane. 
 
The moisture adsorption experiments provided further insight in the surface properties of the 
modified NC materials. The rate of adsorption (Figure 3-4) was also lower than for bare NC: 
for hydrophobized NCs, only ~60-70% from the maximum was adsorbed within the first 24 h 
and the adsorption kept growing even after seven days of contact. In terms of the maximal 
amount of water adsorbed after 10 days of contact, the NC materials ranged as follows: bare 
NC >> poly(dimethylsiloxane)-NC > fluoroalkyl-NC ≥ alkyl-NC. More detailed studies of 
adsorption is explained in Chapter 5. 
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Table 3- 5: Chemical Analysis Data for Bare and Treated Nitrocellulose. 
Sample  % C  % H  % N  % F  % Si  
Bare NC  25.19  2.54  12.47  <0.5  <0.1  
NC + (C2H5O)3Si(CH2)3NCO  32.21  3.02  12.58  -  0.82  
NC + (C2H5O)3Si(CH2)3NCO + 
(CH3O)3Si(CH2)2C6F13  25.87  2.16  12.70  26.2  1.15  
NC + (C2H5O)3Si(CH2)3NCO + Cl3SiC6H5  31.17  2.42  12.57  -  1.90  
NC + (C2H5O)3Si(CH2)3NCO + ClSi(CH3)2C18H37  36.90  5.07  12.63     -  3.05  
NC + (C2H5O)3Si(CH2)3NCO + Cl2Si(CH3)2  27.35  4.30  12.18  -  9.88  
NC + (C2H5O)3Si(CH2)3NCO + (CH3O)4Si  31.35  4.20  12.32  -  10.30  
NC + (C2H5O)3Si(CH2)3NCO + (CH3O)4Si + 
ClSi(CH3)2C18H37  
33.62  4.82  12.52  -  10.70  
NC + (CH3O)4Si  32.73  3.04  12.42  -  0.48  
NC + (CH3O)4Si + (CH3O)3Si(CH2)2C6F13  38.92  4.26  12.5  10.3  0.68  
*From triple repeat analysis, the standard errors were estimated to be <0.15% for 
C,H,N,Si and <0.5% for F.  
 
 
  
Figure 3- 4: Kinetics of water adsorption (RH 100%, 298K) on NC powder: 
 
When error bar is nonvisible, standard error is less than the symbol size. 
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3.6  SEM and DSC of Functionalized Nitrocellulose.  
 The possible effects of surface functionalization on the bulk properties of NC were 
evaluated by scanning electron microscopy (SEM) and differential scanning calorimetry 
(DSC). Morphologies of bare and modified NC were observed by SEM. Representative SEM 
images of bare NC and NC treated with organosilanes at magnitudes of 100X and 500X are 
compared in Figure 3-5. SEM image of bare NC showed twisted individual fibers of ~10-30 
µm wide with somewhat rough surfaces. SEMs of treated NC showed somewhat increased 
surface roughness notable at a magnification of 500X (Figure 3-5f), which was attributed to 
the deposition of organosilicon coatings. Overall, the images of bare and treated NC showed 
similar fibrous structure and porosity. 
 
 
Figure: 3-5: Representative SEM images of NC materials. 
 (a) and (d) bare NC, (b) and (e) NC reacted with tetramethoxysilane, (c) and (f) NC reacted 
with tetramethoxysilane followed by the reaction with octadecyldimethyl chlorosilane. 
Magnification: 100X (Top row) and 500X (Bottom row). 
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DSC was used to evaluate the effect of chemical functionalization on the thermal 
decomposition and thermal stability of the NC materials. The onset and peak temperatures 
for bare and silane modified NCs were compared to confirm the equivalence of their 
energetic properties. Representative DSC curves of bare and modified NCs are shown in 
Figure 3-6. Table 3-6 gives a comparison of their decomposition temperatures. For both bare 
and modified NC the DSC graphs showed a broad exothermic peak attributed to deflagration 
of the materials. The onset and the peak temperatures of bare NC were 187.3±0.5 and 
198.5±0.5oC respectively, which was in close agreement with the data reported previously.83 
For the modified NCs, the onset and the peak temperatures showed only minor variation with 
the type of the silane and for all the samples studied averaged at 186.8±1.5 and 198.3±1.0oC 
respectively which was essentially indistinguishable from bare NC. To conclude this section, 
the morphology and the DSC peaks and temperatures of the modified NC were very close to 
those of the bare NC demonstrating that the reactions with silanes did not affect the bulk 
properties of the material 
 
Figure 3-6: DSC thermograms of unmodified and modified nitrocellulose decomposition. 
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Table 3- 6: Onset and Peak Decomposition Temperatures of Bare and Modified 
Nitrocellulose. 
 
Sample  Onset, °C  Peak, °C  
Bare NC  187.3  198.5  
NC + (C2H5O)3Si(CH2)3NCO  185.3  197.5  
NC + (C2H5O)3Si(CH2)3NCO + (CH3O)3Si(CH2)2C6F13  185.8  199.5  
NC + (C2H5O)3Si(CH2)3NCO + ClSi(CH3)2C18H37  185.1  199.2  
NC + (C2H5O)3Si(CH2)3NCO + Cl2Si(CH3)2  188.3  198.8  
NC + (C2H5O)3Si(CH2)3NCO + Cl3SiC6H5  
  
187.4  
  
195.9  
  
NC + (C2H5O)3Si(CH2)3NCO + (CH3O)4Si  185.6  199.0  
NC + (C2H5O)3Si(CH2)3NCO + (CH3O)4Si + ClSi(CH3)2C18H37  
  
188.3  
  
198.2  
  
NC + (CH3O)4Si  187.5  198.3  
NC + (CH3O)4Si + (CH3O)3Si(CH2)2C6F13  185.7  198.0  
NC + (CH3O)4Si + Cl2Si(CH3)2  189.3  198.2  
NC + (CH3O)4Si + ClSi(CH3)2C18H37  188.2  199.0  
 
 
3.7  X-Ray Photoelectron Spectroscopy (XPS)  
 Chemical composition of the NC materials were analyzed by XPS. As a surface-
sensitive technique, the XPS presented information about the composition and the chemical 
state of the elements in the top 3-10 nm layer of the material.122, 123 The survey spectra 
(Figure 3-7) were used to identify the main elements present on the surfaces, while high-
resolution spectra of bare NC is shown in Figure 3-9. The spectrum revealed the main peaks 
that were identified as C1s (290 eV), N1S (~400 eV), and O1s (~530 eV) and KLL Auger 
group (~1000 eV) respectively. 122-125  The multiplex scans for the elements are shown in 
Figure 3-9. For C1s, three components were identified from the deconvolution that were 
labeled C1, C2, C3 As shown in Figure 3-8. 
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Figure 3- 7: XPS Survey Spectra 
(a) Bare nitrocellulose and (b) Bare nitrocellulose treated with C6F13. 
 
These peaks were attributed to different chemical states of the carbon atoms in nitrocellulose. 
The main component C2 (~58% from the peak area) at 286.4 eV was attributed to carbon 
atoms bound to nitrate groups. C3 (28%) at 284.2 eV and C1 (14%) at 287.9 eV were 
attributed to C-C and C-O respectively. The ratio of peak areas C2: C3: C1 observed was in 
reasonable agreement with the ratio 3:2:1 predicted from the structure of the repeat unit. The 
N1s and O1s spectra (Figure 3-7) showed single main features at 407.2 eV attributed to 
nitrogen in nitro-groups124 and at 532.8 eV for oxygen, which was consistent with oxygen in 
organic compounds and nitrates.123-125   
 The average atomic composition of bare NC surfaces was obtained from the 
multiplex spectra as an average of three measurements of different NC samples. The result 
was 47.2 + 0.7 (C), 45.8+ 0.7 (O), and 6.8+ 0.5 atomic % (N) respectfully. From the 
chemical analysis data reported in our previous work102, the bulk composition of the NC was 
determined as follows: 33.0 + 0.15 (C), 54.2 + 0.15 (O), and 13.3 + 0.15 atomic % (N). The 
bulk composition was notably different from the surface composition by XPS. 
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Figure 3- 8: Chemical states of carbon atoms in nitrocellulose determined by XPS. 
(Chem Draw version 19.1) 
As compared to the bulk, the surface of NC was enriched with carbon and depleted with 
oxygen and nitrogen. Here we offer two possible explanations for the difference observed 
between bulk and surface composition. First, this could be due to the physisorbed 
adventitious carbon contaminants that attenuated peaks from other elements. Also, it was 
conceivable that the surface was depleted in nitrogen compared to the bulk due to more facile 
degradation of the exposed nitrate groups. 
 Bulk chemical analysis of bare NC showed 12.47% N, from which the degree of 
nitration4, 9 was determined to be 2.4.  Thus, on average 2.4 out of 3 hydroxyl groups per 
cellulose repeat unit were substituted with nitrates while 0.6 hydroxyls (~20%) remained 
free.  In the previous work101, we described the use triethoxysilylpropyl isocyanate to bind to 
these OH groups via carbamate linkage.  The triethoxysilyl moieties (after hydrolysis and 
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cross-linking) produced the NC supported silanol-rich surface that could be further 
functionalized using the silane coupling chemistry.101 In this work, we used XPS to 
investigate these reactions and to characterize the surface grafted layers of organosilanes 
supported on the NC. 
 XPS survey spectra for bare NC and NC reacted with organosilanes is presented in 
Figure 3-9.  The attachment of silanes to NC was evident by the appearance of two new 
peaks ~100 and ~150 eV for Si2p and Si2s and (when F was present in organosilane) by a 
strong peak ~680 eV for F1s accompanied with F KLL Auger peaks ~830-860 eV.  The 
atomic compositions of the silane treated NCs are shown in Table 3-7.  Besides the changes 
in the atomic surface composition, chemical binding of organosilanes to NC was evident 
from the changes of the chemical states of carbon and nitrogen that were observed in the 
multiplex spectra of these elements.   
 As a representative example, Figure 3-9 shows an evolution of the C1s spectra for NC 
treated with 3-(triethoxysilylpropyl)isocyanate and then subsequently reacted with either 
dimethyl-dichlorosilane, or tridecafluoro-1,1,2,2,-tetrahydrooctyl-trimethoxysilane.  As 
compared to bare NC, the C1s spectra of NC reacted with 3-(triethoxysilylpropyl)isocyanate 
presented notable increase of the component at 284.2 eV (aliphatic carbon) and the 
appearance of the split peak at 287.9 eV which was attributed to carbon in carbonyl.  Even 
more prominent changes were observed in the N1s spectra, which revealed two components 
with intensity ratio ~1:1 at 407.2 eV (nitrate) and a new peak at 399.6 eV (organic amide).  
Together with ~10-folds increase of Si vs bare NC (Table 3-7), these changes supported the 
covalent attachment of trisiloxy-propyl groups via amide bond to the free OH groups of NC. 
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Table 3- 7: XPS Atomic Compositions for Nitrocellulose Reacted with Organosilanes 
(atomic %). 
Sample label Silane reagent(s) C O N Si F 
Bare NC None 47.2±0.7 45.8±0.7 6.8±0.5 0.5±0.2 <0.1 
NC-
(CH2)3Si(OH)3 
(C2H5O)3Si(CH2)3NCO 
50.6±0.5 38.6±0.8 5.5±0.5 5.5±0.7 <0.1 
NC-(SiO2)x (C2H5O)3Si(CH2)3NCO + 
(CH3O)4Si 
24.3±0.4 55.1±1.0 2.0±0.5 18.0±0.6 <0.1 
NC-PDMS (C2H5O)3Si(CH2)3NCO + 
(CH3)2SiCl2 
48.5±0.5 26.1±0.7 0.5±0.3 21.2±0.6 <0.1 
NC-C6F13 (C2H5O)3Si(CH2)3NCO + 
(CH3O)3Si(CH2)3C6F13 
34.9±0.8 12.0±1.0 2.2±0.5 4.0±0.3 46.7±0.7 
           
 
 
Figure 3- 9: Results of deconvolution of XPS high resolution spectra. 
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The subsequent reaction of this tri-siloxy-propyl-NC with dimethyldichlorosilane produced 
PDMS-like surfaces.  The C1s spectra of these samples resolved into two unequal 
components: ~90% at 284.2 eV (methyl from PDMS) and ~10% at 287.9 eV (carbonyl and 
ether from NC).  The Si concentration showed further increase to ~21%, while nitrogen 
signal was reduced almost to the noise level indicating formation of relatively thick and 
uniform PDMS coating that attenuated the signal from the underlying NC.  The C:Si:O 
concentrations ratio for these samples was 2.3:1:1.2, which was close to the 2:1:1 ratio for 
pure PDMS. The reaction of thе tri-siloxy-propyl-NC with tridecafluoro-1,1,2,2,-
tetrahydrooctyl-trimethoxysilane produced fluoroalkyl-like surfaces.  Deconvolution of the 
C1s spectra of these samples revealed five components with the binding energies attributed 
to CF3 at 293.8 eV (~8% from the total signal), CF2 at 291.4 eV (~34%), C=O 287.8 eV 
(~9%), C-O at 286.3 eV (~25%), and C-H at 284.6 eV (~24%), respectively.  The CF3:CF2 
intensity ratio was 1:4.25, close to 1:5 ratio for C6F13 group in the silane reagent.  As 
compared to tri-siloxy-propyl-NC, N1s signal in fluoroalkyl-treated NC was also 
significantly reduced (Table 3-8) indicating formation of densely-packed coatings of 
perfluoroalkyl-groups.  Attenuation of the N1s signal (407.2 eV) from the nitrate groups of 
the NC due to surface reactions with organosilanes was used to determine thicknesses of 
grafted layers using the equation125: 
Thickness = ln(N0/N) λ sin45o Eq. 3- 1 
where N0 and N were the intensity of the 407.2 eV peak for bare and functionalized NC, 
respectively.  45o was the XPS take-off angle and λ - the N1s photoelectron mean free path   
λ = 2.5 nm was assumed.123,124  The results summarized in Table 3-8 demonstrate that the 
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thickness of the organosilanes layers were in the range of monolayers or, in case of easily 
polymerizable tetramethoxysilane and dimethyldichlorosilane – thin oligomeric layers. 
 
Table 3- 8: Thickness of Organosilanes Layers Grafted to Nitrocellulose. 
Sample label Silane reagent(s) N1s (407.2 eV),  
at. % 
Thickness, nm 
Bare NC None 6.8±0.5 - 
NC-
(CH2)3Si(OH)3 
(C2H5O)3Si(CH2)3NCO 5.5±0.5 0.4±0.2 
NC-(SiO2)x (C2H5O)3Si(CH2)3NCO + 
(CH3O)4Si 
2.0±0.5 2.2±0.5 
NC-PDMS (C2H5O)3Si(CH2)3NCO + 
(CH3)2SiCl2 
0.5±0.3 5. 0 ±1.1 
NC-C6F13 (C2H5O)3Si(CH2)3NCO + 
(CH3O)3Si(CH2)3C6F13 
2.2±0.5 1.9±0.5 
 
3.8  Conclusion 
 According to FTIR and chemical analysis, the isocyanate groups bound to the OH 
groups of NC via carbamate linkage, while triethoxysilyl moieties (after hydrolysis) 
produced cross-linked siloxane-silanol surfaces, in a similar fashion reported for 
conventional cellulose substrates.18  The silanol-grafted NC was subsequently reacted with 
various organosilanes of general formula R3SiX, R2SiX2, and RSiX3 (R=alkyl-, phenyl-, 
fluoroalkyl-; X=Cl) and Si(CH3O)4 producing a series of surface-functionalized NC materials 
without degradation of its nitro groups.  According to SEM and DSC, there was no 
significant change neither in fiber morphology nor in thermal decomposition profiles of the 
modified NCs as compared to bare NC suggesting that the bulk properties of NC were not 
affected and that the reactions largely involved surface functionalities.  XPS was performed 
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on bare and NC treated with perfluoro-alkyl, thick polydimethylsilane and TMOS surfaces. 
Survey scans of bare NC revealed the presence of C, N, O. Survey spectra after the surface 
functionalization of silyl and flouro-alkyl species clearly show the change in composition on 
the surface of treated NC. The significant presence of atomic percent silicon and fluorine was 
evident on treated NC surfaces. As shown in Figure 3-6, bare NC demonstrated relatively fast 
initial adsorption, where ~90% from the maximum was adsorbed within the first 24 h. This 
initial growth was followed by the saturation plateau corresponding to the maximal 
adsorption of water at ~40 mg/g. For the NC modified with fluoroalkyl-, alkyl-, and 
poly(dimethylsiloxane) groups, the maximal adsorption of water was significantly reduced 
(~3-5 fold) as compared to bare NC. 
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Chapter 4:  Macroscopic and Microscopic Wetting 
4  To be blanked later 
4.1  Abstract 
Macroscopic contact angles demonstrated Trifluoro-methyl-phenyl and tri-methyl-silyl 
functionalized NC resulted in low advancing and receding contact angles for H2O and 
hexadecane as probe fluids. and the best quality surfaces were produced using the vapor 
phase reactions of organosilanes.  The wettability of the bulk treated NC surfaces were 
characterized by dynamic contact angles using water, hexadecane, and NG as probe fluids.  
The NG contact angles of the modified NC pellets ranged as follows: fluoroalkyl-NC 
(θAdv/θRec ~90°/~50°), alkyl-NC (~75o/~35°), oligo(dimethylsiloxy)-NC (~65o/~35°), phenyl-
NC (~40°/~10°), untreated NC (<10o). NG contact angles of the treated fibers ranged as 
follows: fluoroalkyl-NC (θclam/θbarrel-shape ~90°/~50°), alkyl-NC (~75o/~35°), oligo 
(dimethylsiloxy)-NC (~65o/~35°), phenyl-NC (~40°/~10°), untreated NC (<10o), 
demonstrating major variations in surface energy in accordance with the nature of surface 
functionalities.   
4.2  Introduction 
 The terms ‘lyophilic’ and ‘lyophobic,’ derived from the Greek words to describe a 
love (philos) or fear (phobos) of dissolving or mixing with (Lyo), as well as ‘hydrophobic’ 
and hydrophilic’ (also Greek for “water fearing” and “water loving”, respectively) are terms 
that help to qualitatively describe the energy and intensity of interactions at the interface 
between a solid and liquid. Strong interactions with a lyophilic/hydrophilic material describe 
a polar surface. Weak interactions with a lyophobic/hydrophobic material describe non-polar 
surfaces. Hydrophobic surfaces are often prepared by modifying the surfaces with 
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hydrocarbons (alkanes), fluorinated alkanes, and methylsiloxanes. As described in several 
sections in this document, the surface of cellulose expose high energy hydroxyl groups (OH). 
The OH group allows for hydro/lyophobization of the cellulose surface. There exists a 
number of functional groups that can be used to contruct low energy surfaces.19-24 The lowest 
surface energies are observed for the surfaces composed of perfluorinated alkyls (CF3), 
along with following functional groups  displaying an increase in hydro/lyophobicity and an 
increase in surface energy respectively: fluoromethylene (CF2), methyl (CH3), and 
dimethylsiloxane [OSi(CH3)2].
19 According to Fadeev, the presence of virtually any other 
functionality at the surface will increase the surface energy of the solid.19 In this study we 
found that the long chain flouro-alkane allowed the greatest surface phobicity. Siloxane on 
the other hand, proved to be the most versatile and robust in terms of a surface that allows 
different degrees of phobicity. 
 Nitrocellulose is made up of natural fibers that vary in shape, dimensions, and 
physical properties. The inhomogeneous nature of natural fibers that make up the bulk 
material, promote a rough surface.102  
 In this chapter we discuss the fundamental wetting properties of the interface of 
treated NC. We utilized two levels of wettability. The first being the macroscopic wetting in 
which demostrates wetting parameters taken from the bulk surface in which the intrinsic or 
apparent contact angle is estimated using goniometry in which the drop profile is measured 
from a droplet on a plane. The measurement of a contact angle on treated NC is taken from a 
pressed pellets. Our research also pointed us into the direction of developing methodology to 
study drop morphology using contact angles of NG and other probe fluids on treated NC 
fibers, Figure 4-1 depicts examples of nitroglycerin on treated surfaces and NC fiber 
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morphology. Figure 4-1a shows NG droplets for contact angle measurements on a bulk 
surface. Figure 4-1b shows SEM pictures demonstrating fiber morphology. Figure 4-1c 
shows a NG droplet in equilibrium on a treated perfluoroalkyl NC fiber.  
 
Figure 4- 1:Treated Nitrocellulose 
(a) Nitroglycerin droplets on C6F13 treated Nitrocellulose pellet. (b) SEM of  treated  
Nitrocellulose fiber (c) Nitroglycerin droplet on C6F13 treated fiber. 
 
While the contact angle measurements on the bulk surface are important for our research, the 
measurement on a bulk surface provides the apparent contact angle in which surface 
roughness and capillary effect of bulk material results in the instability of liquid to reach 
equilibrium. In contrast, the droplet on a fiber is known to represent the true, intrinsic contact 
angle. Therefore, a more reliable determination of the lyophobicity on a single fiber is 
warranted.103  Contact angle measurements on bulk material can be hindered by capillary 
effect, which most often may not represent the true phobicity of a fibrous material.104 
According to Carrol et al, the accurate measurement of a contact angle on a fiber assume a 
cylindrical solid taking on a liquid. The droplet on a fiber can exist as an axisymmetrical 
barrel shape or nonaxisymmetrical clam shape conformation.99 
 Several methods for determining contact angles of liquid droplets on cylinder 
surfaces are currently used as standard practice.105-108 In this chapter, we utilize methodology 
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based on geometry provided by Carrol et al. and several other researchers who have 
optimized models designed to increase the accuracy of fiber droplet measurements.105-108 
This methodology employs a dimensionless description of the liquid drop profile to measure 
fiber contact angles with a barrel shape. A direct measurement of the contact angle can also 
be employed in fiber studies using microscopy software.99, 108 For our work we also utilize 
similar direct measurement techniques that are available using a  Zeiss microscope software 
package.  
 In this chapter, we discuss how contact angle measurements on the surface of natural 
fibers allow insight of a surface with increased curvature and reduced capillary effect giving 
the intrinsic contact angle, whereas the bulk surface gives an apparent contact angle. 
 The wettability of modified NC fibers was characterized using optical microscopy 
observing droplets of water, NG, hexadecane, dodecane, undecane, decane, and nonane. 
Contact angles of fibers were measured using methods based on geometry originally 
developed by Carroll et al.99 Surface energy and critical surface tension was measured based 
on the estimated contact angles.   
4.3  Macroscopic Contact Angles 
4.3.1  General Information 
 The surfaces for contact angle measurements were obtained by pressing ~0.2 grams 
of NC (neat or functionalized) using a Perkin Elmer 13mm IR die under a Carver Laboratory 
Press at 4 metric tons of pressure for 1 min.  We found that pressurization at 4 metric tons for 
1 min were sufficient to produce pellets with reproducible contact angles.  Further increase of 
pressure or time had no effect on the wettability of the pellets.  Contact angles were 
measured by a Dataphysic OCA contact angle instrument using GASTIGHT #1750 
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Hamiliton Company micro-syringe. The probe fluids used were water, n-hexadecane, and 
nitroglycerin (NG). NG was rendered from ethanol evaporation from a 5% NG/ethanol 
solution. Dynamic contact angles (θAdv/θRec) were recorded while the probe fluid was added 
to (θAdv) and withdrawn (θRec) from the drop, respectively. The dynamic contact angles with 
NG as a probe fluid were measured using a Drummond WIRETROL 5 µL pipette to add and 
withdraw the probe fluid while recorded under the video capability of a Dataphysic OCA 
tensiometer. A tilting stage fabricated by Dataphysic OCA was used with the instrumentation 
to obtain contact angle hysteresis for NG droplets. Due to safety concerns, we used this 
technique rather than using a syringe filled with NG. Filling a syringe with a sufficient 
amount of NG to obtain measurements could result in initiation of NG. Great care must be 
taken when performing measurements with nitroglycerin.  Three-four measurements of 
advancing and receding angles were taken for each sample and the average result was 
reported.  The standard error of the contact angles for NC surfaces was estimated ~2o.   
 
4.3.2 Contact Angles on Nitrocellulose treated with Acyl Chlorides and Isocyanates 
 Contact angle measurements using water and hexadecane as probe fluids were 
measured using a surface tensiometer (Table 4-1). Each contact angle result is an average of 
10 measurements. Samples were pressed into .2 grams pellets using a 12 millimeter die and 
compression press. Pentafluorobenzoyl and nonafluoropentanoyl acyl chloride functionalized 
NC demonstrated advancing contact angle measurements with H2O at values between 85-90° 
indicating a degree of surface phobicity. The receding contact angles show low 
measurements after the probe fluid has already been in contact with the surface. Over all, the 
surfaces of the prepared pellets of the acyl chlorides treated NC resulted in large contact 
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angle hysteresis possibly due to surface roughness and inhomogeneity. 
 Pentafluorophenyl functionalized NC demostrated adequate hydrophobicity with an 
advancing contact angle of ~90°. The contact angles of hexadecane provided low advancing 
and receding angles of 35/15°. Trifluoro-methyl-phenyl and tri-methyl-silyl functionalized 
NC resulted in low advancing and receding contact angles for H2O and hexadecane as probe 
fluids. 3-triethoxysilylpropyl isocyanate on the surface of NC gave an initial theta of 75/45°.  
In general, the isocyanate reactions NC demonstrated large contact angle hysteresis, possibly 
due to surface roughness and inhomogeneity. 
 
Table 4- 1: Advancing/Receding Contact Angle Measurements of Perfluoro Acyl Chloride 
and Isocyanate Modified NC (°).  
*For NC-supported surfaces the standard error for contact angles was ~2o. 
   
  H2O θAdv/θRec C16H34 θAdv/θRec 
Unmodified (neat) NC <10 <10 
Acyl chlorides   
3,3,3-trifluoropropionyl + NC 72/24 26/<10 
Pentadecafluorooctonyl + NC 68/35 48/10 
Pentafluorobenzoyl + NC 86/35 28/<10 
Nonafluoro pentanoyl + NC 84/37 35/<10 
Isocyanates   
Pentaflourophenyl + NC 90/15 35/15 
Trifluoromethylphenyl + NC 57/<10 <10 
 3-(triethoxy)silyl propyl + NC 75/45 25/10 
Trimethylsilyl + NC 55/0 35/<10 
   
 
4.3.3 Wetting Properties of Functionalized Nitrocellulose 
 For the contact angles on model surfaces (that included Si-supported monolayers of 
octadecyldimethylchlorosilane33 and smooth polymer films of poly (tetrafluoroethylene), 
poly (ethylene), and poly (ethelene terephthalate)) the standard error was 1o or better.   
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 To access wetting properties, pressed pellets of the NC materials were characterized 
by dynamic contact angles using water, hexadecane, and NG as probe fluids. Table 4-2 
displays advancing and receding contact angle for bare NC and for NC reacted with 
organosilanes. Bare NC showed low contact angles (<10o) demonstrating complete wetting 
by water, hexadecane, and NG. The reaction of triethoxysilylpropyl isocyanate produced 
moderately hydrophobic surfaces with the advancing contact angle by water at 75o. 
Functionalized NCs and on selected surfaces of known composition.* 
Table 4- 2: Dynamic Contact Angles (θAdv/θRec, deg) of Water Hexadecane, and 
Nitroglycerine on Pellets of Functionalized NC and Selected Surfaces of Known 
Composition.* 
 
Sample  
 Probe 
fluids  
 
 Water  Hexadecane  Nitroglycerin  
Unmodified (neat) NC  <10  <10 
 
<10  
NC + (C2H5O)3Si(CH2)3NCO  75/45  25/10  35/10  
NC + (C2H5O)3Si(CH2)3NCO + 
(CH3O)3Si(CH2)2C6F13  
115/85  80/55  90/50  
NC + (C2H5O)3Si(CH2)3NCO + Cl2Si(CH3)2  112/90  60/30  65/35  
NC + (C2H5O)3Si(CH2)3NCO + ClSi(CH3)2C18H37  102/68  <10  75/35  
NC + (C2H5O)3Si(CH2)3NCO + Cl3SiC6H5  85/60  <10  40/10  
NC + (C2H5O)3Si(CH2)3NCO + (CH3O)4Si  <10  <10  <10  
NC + (C2H5O)3Si(CH2)3NCO + (CH3O)4Si + 
ClSi(CH3)2C18H37  
90/75  <10  80/50  
Cleaned Si-wafer: Si/SiO2  <10  <10  <10  
Si/SiO2-OSi(CH3)2C18H37  101/91  25/15  75/66  
Poly(tetrafluoroethylene), Teflon: -[CF2]n-  110/98  25/10  87/77  
Poly(ethylene): -[CH2]n-  86/78  <10  74/60  
Poly(ethylene terephthalate): -
[C(O)C6H4COO(CH2)2O]n-  
78/68  <10  35/<10  
*For NC-supported surfaces the standard error for contact angles was ~2o. For Si wafers and 
polymer films, the standard error was 1o or better. 
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This value of water contact angle was attributed to mixed surface containing polar and non-
polar functionalities. To evaluate the contribution of different surface functionalities to 
wettability, we used the Israelachvili-Gee equation 96 
 
Eq. 4- 1 
  
 
We treated the surface of silyl-propyl-NC as a mixture of silanol and methylene groups. 
Using the water contact angle 0° for a silanol surface (θ1) and 100° for a methylene surface 
(θ2),26 we found that the observed water contact angle of 75o corresponded to a mixture of 
~30% silanols and ~70% methylene groups. Considering that triethoxysilylpropyl group after 
hydrolysis has 1:1 silanol-to-methylene ratio, we concluded that on the surface some silanols 
were likely cross-linked forming non-polar siloxanes. The contact angle data was consistent 
with the surface composed of silanol and propyl groups. Recalling that from the bulk 
chemical analysis only 10% of cellulose repeat units reacted with triethoxysilylpropyl 
isocyanate, we concluded that silane largely concentrated on the surface. The reaction of 
silyl-propyl-NC with tetramethoxy-silane produced surfaces that were completely wettable 
by all probe fluids which was in agreement with formation of silica-like polar surface rich in 
silanol groups. The reactions of silyl-propyl-NC with perfluoroalkyl, alkyl, and phenyl 
silanes produced lyophobic surfaces with water and hexadecane advancing contact angles 
that were on par with those reported for the closely-packed monolayers of CF3, CH3, and 
Phenyl-functionalities supported on Si wafers.19 The receding angles, however, were lower 
than the reference values reported for SAMs and CAMs on Si wafers19 demonstrating 
78 
  
significant wetting hysteresis, which was attributed to greater surface heterogeneity and 
roughness of pressed pellets as compared to smooth surfaces of Si wafers. For silyl-propyl-
NC reacted with long-chain alkyl (n-C18H37) and phenyl- silanes, the water contact angles 
were high in the range of 85-100o while the hexadecane contact angles were low (<10o) 
providing examples of hydrophobic yet oleophilic surfaces. The contact angles of NG also 
showed major changes depending on the nature of surface groups demonstrating different 
levels of wettability and the potential of “tuning” the strength of the NG-NC interactions by 
chemical functionalization. For all the surfaces studied, the contact angles of NG fell in 
between the contact angles of water and hexadecane in accord with the surface tensions of 
the probe fluids (20o C, in mJ/m2): water (72.8) 97, NG  (50.4) 24, hexadecane (27.7) 97.  Due 
to the near absence of wetting data for NG in open literature, we had no reference values to 
evaluate contributions of different surface functionalities to the NG contact angles. For that 
purpose, the NG contact angles were measured for several well-defined surfaces of known 
composition including monolayers of organosilanes supported on Si-wafers and smooth 
polymer films. The results are shown in the bottom section of Table 4-2. Like for water and 
hexadecane probe fluids, the highest value of NG contact angles 87o/78o (adv/rec) was 
observed for poly(tetrafluoro ethylene) (Teflon) representing the low-energy surface of CF2 
functionalities. Non-polar hydrophobic surfaces of poly(ethylene) and monolayers of 
octadecyl silane supported on Si wafers, projecting respectively CH2 and mixed CH2-CH3 
functionalities, were also poorly wetted by NG and showed contact angles in the range 
~75o/60o (adv/rec). For relatively polar surface of poly(ethylene terephthalate), as evidenced 
by intermediate value of water contact angles, wetting of NG improved with the advancing 
contact angle being 35o and the receding angle less than 10o. For the high-energy polar 
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surface of cleaned Si-wafer, water, NG, and hexadecane demonstrated complete wetting with 
both advancing and receding contact angles being near zero (<10o). On all the model surfaces 
tested, the contact angles hysteresis of NG was ~10-15o which was similar to the values 
normally reported for water and hexadecane on this type of surfaces.19, 97 Comparing the 
contact angles for NG on the model surfaces with the contact angles of NG on the modified 
NC surfaces, we concluded that NG, as a probe fluid, produced similar results as water and 
hexadecane probe fluids. Namely, for the NC modified with perfluoroalkyl, alkyl, 
poly(dimethylsiloxy), and phenyl silanes, the NG advancing contact angles showed 
formation of high quality lyophobic surfaces comparable with the closely-packed monolayers 
of organosilanes on Si wafers or homogeneous polymer films of similar chemical 
composition.  
 As a demonstration of the effect of surface functionalization on the NG-NC 
interfacial interaction and as an illustration supporting the first portion of the title of this 
chapter, Figure 4-2 compares the time behavior of the NG droplets placed on two different 
NC pellets: (a) bare NC and (b) NC modified with C6F13 groups (respectively, top and bottom 
rows, Figure 4-2). On bare NC, the first drop of NG (~5 µL) was instantly wicked by the 
porous surface due to capillary forces (Figure 3-5a). Further addition of liquid (total volume 
~75 µL) produced an NC pellet that was completely saturated with NG (Figure 4-2b). Over 
time, the excess of NG driven by gravity started to leak (“sweat out”) from the pellet. After 5 
h, the growing drop of NG was clearly visible on the bottom side of the pellet (Figure 4-2c). 
In contrast to that, the drops of NG did not spread and beaded up on the surface of C6F13-
treated NC (Figure 4-2d-e). The NG-repellant properties of the treated NC maintained over 
time, as the size and shape of the drops did not change after period of 12 h, Figure 4-2f. As 
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shown in Table 4-2, initial contact angle measurements demonstrate the high surface energy 
of unmodified military grade NC. NC used in this study completely wets (<10°) with probe 
fluids H2O, C16H34, and NG. Previous reports show a degree of hydrophobicity on the surface 
of highly nitrated cellulose thin films.99 
The 3-(triethoxy) silyl propyl carbamate linkage shows an adequate phobicity to H2O. We 
expected the hydrophobicity of this linkage on NC to be lower, based on the increase in silanol 
functionality shown by FTIR results described in Chapter 3. 
 
 
Figure 4- 2: Time Behavior of the NG Droplets 
 (a) Droplet (~5 µL) of nitroglycerin on a pellet of neat NC; (b) NC pellet saturated with 
nitroglycerin (total volume added ~75 µL); (c) Side view of sample (b) after 5 h. (d) Droplet 
(~5 µL) of nitroglycerin on C6F13-NC; (e); Multiple droplets of nitroglycerin on C6F13-NC; 
(f) sample (e) after 12 hours.   Scale bar: one unit is 1 mm. 
 
The higher than expected H2O contact angles on silyl isocyanate NC pellets may be due to 
the high polarity of water and its hydrogen bonding. H2O as a probe fluid often offers limited 
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conclusive results in terms of the true nature of a surface.19 n-Hexadecane on the surface of 
the NC functionalized with the propyl carbamate linkage displays θAdv/θRec of 25/10° 
respectively. The true dispersive properties of a long chain hydrocarbon used as a probe fluid 
more times than not offers more insight into the true physical properties of a surface.19 In the 
case of the propyl carbamate linkage on NC, we see a low contact angle with n-hexadecane. 
NG used as a probe fluid also shows a relatively low contact angle on the surface of the NC 
functionalized with the propyl carbamate linkage. We can speculate that the low contact 
angle measurements on the surface of NC functionalized with the propyl carbamate linkage 
is due to the increase in surface silanol and the hydroxyl availability, which is a direct result 
from the crosslinking of the 3-(triethoxysilylpropyl) isocyanate. 
 The reaction of TMOS with NC in vapor phase and solvent dissolution reactions 
demonstrate complete wetting by the probe fluids. This suggests an increase in surface 
silanol for further reaction with lyophobic organosilanes and is confirmed by spectra 
presented in the previous chapter. 
 Contact angle results for reactions promoting a lyophobic surface on NC show that 
the silyl isocyanate and tetramethoxysilane reacted NC when modified with tridecafluoro 
1,1,2,2-tetrahydrooctyltrimethoxysilane, show the highest degree of lyophobicity to NG, 
water, and hexadecane compared to the other organosilanes used in this work. For fluorinated 
alkyl monolayers, contact angles of polar and non-polar probe fluids repeatedly increase with 
the number of perfluorinated carbons and level off at typically 4-6 fluorinated carbons. The 
surface energies of fluoro alkyl monolayers decrease as the number of perfluorinated carbons 
increase.19 The octadecyl silane functionality was chosen primarily based on its use in a 
variety of different applications based on its adequate surface lyophobicity.34, 93 For our 
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work, H2O and NG probe fluids present sufficient non-wetting on the surface of n-
octadecyldimethylchlorosilane modified NC, while complete spreading/wetting was observed 
with n-hexadecane as a probe fluid. The noticeable wettability of the dispersive liquid on n-
octadecyldimethylchlorosilane may be a lack of surface packing density.33 The imposition of 
steric hindrance by the presence of the two methyl groups attached to the silica atom is 
known to prevent close packing at the head groups and polymethylene chains. 33 
 Dimethyldichlorosilane functionalized NC has a reasonable degree of lyophobicity to 
H2O, hexadecane, and NG. Dimethyldichlorosilane reacts with the NC propyl carbamate 
linkage, tetramethoxysilane reacted NC surface, and to some degree, directly to the NC 
surface via vaporization to form an oligomeric dimethyl siloxane surface. Surfaces that are 
generated using dimethyldichlorosilane are known to be very homogeneous and show low 
adsorption energy (CH3 termini).
33, 95   Typically, no accessible silano groups can be detected 
on these types of surfaces, which proves the ability of short poly (dimethyl siloxane) chains 
to shield the silica substrate.95   The adequate non-wetting of hexadecane on the NC dimethyl 
siloxane surface suggests the structural performance of dimethyldichlorosilane. H2O contact 
angle results for phenyl trichlorosilane functionalized NC indicate a sufficient degree of 
hydrophobicity.     
 According to previous work, aromatic moieties are forced to assume an orientation 
perpendicular to the surface.19,33 However, contact angles of a non-polar probe fluid such as 
hexadecane display complete wetting on the phenyltrichlorosilane NC surface. Previous 
work suggests that the addition of compounds containing phenyl rings increase the surface 
energy in comparison to CF2, CF3, CH3 functionalities.
19,32 
 For the purpose of this work we utilized phenyl trichlorosilane to demonstrate the 
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capability of our “tunable” surface in providing different levels of NG wettability, in which 
the phenyltrichlorosilane functionality demonstrates the lowest NG contact angle 
measurements in comparison to the other parent compounds used for this work. One final 
observation must be noted concerning contact angle hysteresis. The difference in (θAdv/θRec) 
can to an extent, be attributed to the rough surface and inhomogeneity of the pellet samples 
prepared for contact angle measurements. From an application standpoint, the lyophobicity 
of the NC modified surfaces have increased substantially in comparison to the complete 
wetting of probe fluids (H2O, C16H34, and NG) on unmodified military grade NC.  
 
4.4  Discussion 
 As assessed by the contact angles of water, hexadecane, and NG probe fluids, 
wettability of the functionalized NC changed over a wide range in accordance with the nature 
of surface functionalities.  The least wettable surfaces were obtained for NC grafted with 
tridecafluorooctyl- (the NG contact angles θAdv/θRec 90°/50°), octadecyl- (~75°/~35°) and 
dimethylsiloxy-groups (~65°/~35°), which was in general agreement with the range of 
lyophobicity reported for well-defined surfaces composed of the corresponding 
functionalities.28,35  While a pellet of bare NC readily wicked drops of NG, for NC grafted 
with fluoroalkyl- and alkyl-groups, the penetration of liquid NG inside the pellet was 
inhibited.  The moisture adsorption in the hydrophobized NC was also greatly reduced (~3-5 
folds) as compared to bare NC thus improving longevity and performance of the modified 
NC materials.  To the best of our knowledge, this was the first demonstration of covalent 
surface functionalization to control surface properties of nitrocellulose. 
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4.5  Contact Angle on Fibers 
 A microscopic approach was used to obtain micrographs of probe fluid droplets on 
the surface of modified NC fibers ranging from ~10-30 µm with rough surfaces. The 
reactions of silyl-propyl-NC with perfluoroalkyl, alkyl, and phenyl silanes produced 
lyophobic surfaces with NG, water, hexadecane, dodecane, undecane, decane, and nonane. 
Droplets on fibers resulted in both barrel and clam shell shapes in which the first posseses 
axial symetry and the latter, symmetry only about a plane containing the fiber axis and drop 
apex.111 Figure 4-3a shows a micrograph of clam shell shape NG droplet on silyl propyl 
perfluoralkyl functionalized NC. Contact angles of clam shell and barrel shape droplets were 
measured directly using Zeiss Axioplan 2 Imaging software in interactive measure mode. 
The barrel shape droplets were also measured by a second method using a method based on 
geometry originally developed by Carroll,99 in which an analytical expression was derived 
relating to length, surface area, volume, and Laplace pressure of a liquid drop adhering to a 
fiber, assuming a cylinder shape. Figure 4-3b describes the measurements used to estimate 
the contact angle on a droplet assuming a barrel shape, where x1 is the fiber radius, x2 is the 
maximum radius of the drop in a plane normal to the filament axis, Lw is the drop length 
along the fiber, and θ is the contact angle. Tables of dimensionless forms are used to estimate 
contact angles from barrel shape droplet. An example can be found in Appendix B. Carrol 
was the first to develop this method using parameters based on geometry. Carroll’s method 
has since been optimized by several researchers allowing increased accuracy of contact angle 
measurements on natural fibers, although ample percent error poses a problem in the 
methodology.102, 103-108 When changing the material geometry from a flat surface to a fiber, a 
smaller contact angle is often observed.112 This is in part due to capillary effect of the bulk 
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material and the inability of the liquid to form a continuous film around fibers in a bulk 
system.113 The cylidrical shape of the functionalized NC fiber allows curvature to take place 
with the NG droplet.114, 115 
 
 
Figure 4- 3: Droplet Measurement 
(a) Direct measurement parameters on a clam-shell shape droplet and (b) Measurements of  a 
barrel shape droplet.99 
 
 
The treated fibers demonstrate an elongated flat, irregular curved cylinder shape comparible 
to bare NC, allowing probe fluid droplets to either rest in nonaxisymmetrical or take on a 
classical axisymmetrical shape on the low energy fiber surfaces.115 Previous work involving 
the development of phase diagrams of droplet volume against contact angle have been 
reported.112,116 Experiments from this work show barrel and clam shape conformations can 
co-exist for the same droplet volumes and thus indicates the existence of multiple stable 
states. In our work we frequently observed both types of conformations. Probe fluids were 
sufficiently dispensed on the surface of the fibers by use of aerosol. 
 As a demonstration of the effect of surface functionalization on NC fibers in the 
presence NG interfacial interaction, Fig. 4-4a shows complete soaking of NG throughout, 
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demonstrating high surface energy of individual nitrated fibers. It was not possible to observe 
liquid droplets on bare NC fibers. Table 4-3 gives contact angle values <10° on bare NC with 
probe fluids, showing the wicking effects of bare NC. Barrel contact angles were measured 
using the two methods described above using the geometry of a cylinder shape and a direct 
measurement using Zeiss Axioplan 2 Imaging software. A comparison of the two methods 
used in this study estimating barrel shaped contact angles presented a range of percent errors 
depending on the surface and probe fluid. The largest differences in barrel contact angles 
between methods were observed on the NC + NCO + C6F13 surface in which there was ~18° 
difference in the NG and nonane θ, and ~11° for H2O θ. The difference in H2O and NG θ for 
the PDMS surface was ~9° and 5° respectfully. The largest θ differences observed on the 
octadecyl surface were for probe fluids H2O (9°) NG (11°). The NC + NCO + phenyl surface 
demonstrated a difference of ~11° for undecane. The TMOS + C6F13 surface resulted in a 
~18° difference for NG and a ~11° difference for H2O. The difference in θ for the selected 
methods for barrel shape droplet estimation can be attributed to several factors. The difficulty 
of selecting locations on the droplet and fiber using the direct software method results in 
errors caused by manual interpretation. The same can be said in respect to the Carrol method. 
The diagrams used in geometry methods were developed for estimating low contact angles 
(<60). This presents an increased source of error in estimation when the barrel droplet 
contact angle approaches or exceeds 60°.  Despite the apparent percent error, the two 
methods used to estimate θ on barrel shaped droplets were acceptable to use for our work. 
Researchers in the area of fiber analysis have accepted these methods as part of their routine 
characterization process. 99, 103-112 Finally, our results show that the trend of the barrel shaped 
contact angles were consistent with the properties of our probe fluids based on the contact 
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angle measurements estimated from our clam shell and bulk surface measurements . 
 The imaging software was also used to estimate the contact angles measured from 
clam shell droplets shown in Table 4-3. The NC fibers treated with triethoxysilylpropyl 
isocyanate demonstrate a degree of phobicity confirming from our previous work with the 
formation of cross-linked non-polar silanes.61 Fig 4-4b illustrates a micrograph at 10X (low 
resolution) providing observation of multiple droplet formation of NG on silyl propyl 
perfluoralkyl modified NC fibers. The visualization of multiple droplets on the low energy 
surface demonstrates effectiveness of surface treatment in controlling NG wetting. Contact 
angles measured from barrel-shaped droplets of NG on individual fibers treated with 
perflouoralkyl demonstrated an average contact angle of ~59°. The average of ten barrel-
shaped droplets was determined by estimating left and right contact angles on the top and 
bottom portions of the barrel shaped droplets surrounding the fiber. A comparison of contact 
angle measurements between multiple barrel shaped droplets of NG on the same 
perfluoralkyl treated NC fiber was estimated in the same manner. The average NG contact 
angles of multiple barrel shaped droplets on perfluoroalkyl treated NC surface was ~55°, in 
line with the average NG contact angle measurements on individual fibers. Estimates were 
based on ten separate treated fibers and selecting two droplets from each fiber for 
consistency, averaging a total of twenty droplets. Figures 4.4e-f depict multiple barrel-shaped 
droplets of NG on the same fiber. Figure 4-4e shows three droplets on the same fiber with the 
appearance of similar volumes of NG in equilibrium forming the barrel shape conformation. 
Figure 4.4f depicts three droplets with different volumes maintaining ~50° contact angles, 
demonstrating homogeneity of a single fiber of perfluoro-alkyl treated NC. Table 4-3 gives 
the estimated contact angles on individual treated fibers with common probe fluids. The least 
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wetted fibers were observed on the silyl propyl perfluoralkyl surface representing low-energy 
surface of CF2 functionalities. Fig. 4-4c and 4-4d depict barrel (~ θ 59°) and clam shape NG 
droplets (~ θ 81°) in equilibrium with perfluoralkyl treated NC fibers. 
 
 
Figure 4- 4: Droplets on NC fibers 
(a) Bare NC fiber soaked with NG: (b) Multiple NG droplets on C6F13-NC fibers: (c) NG 
Barrel shape droplet formation on C6F13-NC fibers: (d) Clam-shape droplet on C6F13-NC 
fibers. (e-f) Multiple NG barrel-shape droplets on C6F13-NC fibers. 
 
 
 The perfluoralkyl treated fibers show moderately high contact angles of water, NG, 
and hexadecane with an approximate even distribution of clam and barrel shape droplets 
observed under the microscope. The NC fibers treated with alkyl and phenyl silanes 
produced lyophobic surfaces with water, NG, hexadecane, dodecane, undecane, decane, and 
nonane. N-alkane demonstrated lower contact angles on fiber surfaces forming exclusive 
barrel-shape equilibrium for the exception of silyl-propyl-flouroalkyl treated fibers. PDMS 
treated fibers retained clam shape droplets of water (~θ 85°) and barrel shape (~θ 70°) 
showing adequate hydrophobicity. 
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Table 4-3: Estimated average contact angles (θclam shape/barrel shape) and surface tension values 
of water, nitroglycerin, hexadecane, dodecane, undecane, decane, and nonane on treated NC 
fibers. 
x = droplet shape not detected on a surface with probe fluid.  
                                                                       Standard %error +/-5 
 
 Functionalized NC Fiber 
                 
γLV   mJ/m2                             
H2O 
(72.8) 
NG 
(50.4)
C16H34 
(27.7) 
C12H26 
(25.4) 
C11H24 
(24.7) 
C10H22 
(23.8) 
C9H20 
(22.9) 
 (C2H5O)3Si(CH2)3NCO Clam shape  63 37 47 x x x x 
 Barrel shape 
method 1 
46 33 36 28 27 26 23 
 Barrel shape 
method 2 
49 36 41 35 31 26 24 
  
       
(C2H5O)3Si(CH2)3NCO + 
(CH3O)3Si(CH2)2C6F13 
Clam shape  93 81 64 58 47 43 x 
 Barrel shape 
method 1 
60 50 48 53 43 40 24 
 Barrel shape 
method 2 
71 68 55 48 45 41 37 
  
       
(C2H5O)3Si(CH2)3NCO + 
Cl2Si(CH3)2 
Clam shape  85 70 59 x x x x 
 Barrel shape 
method 1 
57 50 47 42 34 33 24 
 Barrel shape 
method 2 
66 55 50 44 37 34 27 
  
       
(C2H5O)3Si(CH2)3NCO + 
ClSi(CH3)2C18H37 
Clam shape 
Direct 
method 
89 66 x x x <10 <10 
 Barrel shape 
method 1 
53 49 43 34 26 <10 <10 
 Barrel shape 
method 2 
62 58 45 39 33 <10 <10 
  
       
(C2H5O)3Si(CH2)3NCO + 
Cl3SiC6H5 
Clam shape  61 x x x x <10 <10 
 Barrel shape 
method 1 
52 29 31 26 16 <10 <10 
 Barrel shape 
method 2 
56 37 35 28 25 <10 <10 
  
       
(CH3O)4Si 
+(CH3O)3Si(CH2)2C6F13 
Clam shape  67 65 56 45 x x x 
 Barrel shape 
method 1 
56 54 52 43 38 32 25 
  
Barrel shape 
method 2 
58 53 54 43 41 36 31 
Barrel shape method 1 = Contact angle estimate base on geometry method.  
           Barrel shape method 2= Contact angle measurement based on direct software measurement. 
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 Clam shape droplets of NG on the dimethyl siloxy surface demonstrating contact 
angles of NG (~70°) were observed. Fibers treated with TMOS further modified with 
perfluoroalkyl demonstrated a sufficient degree of lyophobicity but slightly increased in 
wetting compared to NC fibers treated with silyl propyl perfluoralkyl. 
 Previous work states that cylindrical fibers can cause the drop to take on a different 
shape when compared to probe fluids placed on a flat surface.116 It has been determined that 
even a contact angle of 0° measured on a bulk surface may result in droplet formation on 
cylindrical fibers.108 This is evident for alkane hydrocarbon droplets in equilibrium with NC 
fibers treated with octadecylsilane. Wetting with dispersive alkane liquids, i.e.  (hexadecane 
(C16), dodecane (C12), undecane (C11), decane (C10), nonane (C9)), on surfaces treated with 
octadecylsilane have been previously reported.33, 101 In our work we observed the presence of 
C16, C12, and C11 droplets on octadecyl silane reacted on silyl-propyl treated NC fibers, 
demonstrating the exclusive formation of barrel shape droplets. Hexadecane shows an 
average estimated contact angle of ~ 43° for both top and bottom barrel shape droplets. 
Droplets of dodecane were also prevalent on octadecylsilane treated NC with decreasing 
contact angle measurements ranging ~30-35°. Undecane droplets were observed less 
frequently with contact angles estimated ~25-27°. Silyl-propyl treated fibers demonstrate a 
degree of lyophobicity with n-alkane (n-hexadecane) liquid comparable to its bulk form 
observed from results recorded from our previous work.101 
 The decrease in contact angle is typical of the barrel shape formation and is due to 
increased droplet volume, resulting in lower contact angle values compared to clam shape 
droplets.104-106 Typically, smaller volume droplets produce clam shaped droplets with higher 
contact angles, resulting in a non-axial symmetric mode on the fiber surface. However, 
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previous work has shown that equivalent volume droplets of barrel and clam-shaped 
conformations can co-exist on the same fiber.104-105Our treated NC fibers collected an 
observed distribution of barrel and clam shape NG droplets, resulting in two droplet 
formations co-existing in equilibrium. This observation was for water, hexadecane, and NG 
as probe fluids. The n-alkanes (C9-C12) presented predominantly barrel-shaped conformations 
on the treated fibers because of the purely dispersive properties of alkane liquids allowing the 
axisymmetric barrel morphology to engulf the fiber. 
 
4.5.1  Critical Surface Tension 
 Zisman demonstrated that contact angles (θ) decrease linearly with surface tension of 
probe fluids (Equation 4-2).26 This pattern related to contact angles of different liquids on a 
low energy surface was first studied by Zisman et al. The workers measured contact angles 
for a series of probe fluids on a polytetrafluorethylene (PTFE) surface.26 Zisman et al. 
discovered that there as a linear dependence of cosine theta with surface tension (Table 4-6). 
For this study, a series of dispersive hydrocarbon based probe fluids were used: octane, 
nonane, decane, undecane, dodecane, and hexadecane. The direct measurement of droplets of 
these probe fluids on NC fibers treated with C6F13 are pictured in Figure 4-6. The surface 
tension of these liquids are plotted against the cosine value of the corresponding contact 
angle. Surface tension values of the probe fluids used for this work can be found in 
literature.23,25 Critical surface tension results on NC treated fiber surfaces are shown in Table 
4-4. Perfluoroalkyl NC show γc= 19.86 mJ/m2 similar to Teflon.19 Bulk surface of 
dimethyldichlorosilane treated nitrocellulose show a comparable critical surface tension to 
literature values ~ γc= 22.5 mJ/m2.  
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Figure 4- 5: Contact angles of n-alkanes on C6F13 treated nitrocellulose fibers. 
An attempt was made to incorporate nitroglycerin and water as part of the Zisman plot, but 
this addition resulted in lack of linearity. Therefore, it is our assumption that nitroglycerin 
tends to behave more like a polar solvent such as water on the surface of our functionalized 
NC surfaces rather than the non-polar dispersive nature of long chain hydrocarbons. With 
contact angle measurements from dispersive liquids we were able to construct Zisman plots 
to calculate critical surface tension (γC) of treated fibers (Table 4-6). 
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Eq. 4- 2 
Table 4- 3: Critical Surface Tension of Treated Nitrocellulose Fibers 
and Well Defined Solid surfaces of Different Composition. 
  
 γC 
mJ/m2 
NC + (C2H5O)3Si(CH2)3NCO 22 
NC + (C2H5O)3Si(CH2)3NCO + (CH3O)3Si(CH2)2C6F13 18 
NC + (C2H5O)3Si(CH2)3NCO + ClSi(CH3)2C18H37 19 
NC + (C2H5O)3Si(CH2)3NCO + Cl2Si(CH3)2 22 
NC + (CH3O)4Si + (CH3O)3Si(CH2)2C6F13 21 
 
 
Perfluoroeicosan: -[CF3]n- 10.6 
Poly(tetrafluoroethylene), Teflon: -[CF2]n- 18.5 
OSi(CH3)2 poly(dimethylsiloxane) 22 
    
 
Unlike bulk surfaces with the same functionality, γC values from n-alkanes were possible on 
octadecyl silane (13.96 mJ/m2) and silyl-propyl (21.35 mJ/m2) treated fibers. NC fibers, 
because of a rigid cylindrical shape allows a capillary effect. This provides a degree of 
lyophobicity on the surface of the treated fiber. NC fibers treated with silyl- propyl with 
further addition of perfluoroalkyl generate a γC value of ~18.5 mJ/m2 with contact angle 
measurements taken from barrel-shaped droplets and a γC of ~21.1 mJ/m2 when using contact 
angle measurements from clam-shaped droplets. The γC of the bulk surface was measured at 
~19.86 mJ/m2. NC fibers treated with TMOS with the addition of perflouroalkyl, generate γC 
results of ~21.1 mJ/m2 for both barrel and clam-shaped droplets. 
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Figure 4- 6: Zisman plot from nitrocellulose fibers treated with perfluoroalkyl silane. 
 
 NC fibers treated with polydimethylsilane (PDMS) demonstrated exclusive barrel 
shaped droplets with the n-alkane probe fluids giving a γC value of ~ 21.61 mJ/m2 compared 
to the bulk surface measured at ~ 22.57 mJ/m2.  
 
4.5.2 Surface Energy on Treated Fibers 
 When discussing the measureable parameters pertaining to the Young’s equation, 
only γLVcan be readily measured.118 The Young equation can however, provide the difference 
between the solid-vapor surface tension γSV and the solid-liquid interfacial tension γSL . 
Extensive research providing a list of methods of solid surface tension has determined that 
γSV can be determined when γLV and the contact angle are known.19, 118-122 In this work, we 
utilize two methods of calculating γSV. 118-122 We utilized our intrinsic contact angle (θAdv) 
measurements using the probe fluids n-hexadecane and H2O to gain insight on the surface 
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energies of the droplets on NC fibers. The liquid surface tension γLV of these two probe fluids 
have been confirmed in literature.25,26,27 n-Hexadecane is known to have a liquid surface 
tension of (γLV= 27.6 mJ/m2) . H2O possesses a dispersive value (γLV dispersive= 21.8 mJ/m2) 
and an acid/base component (γLV A/B = 51 mJ/m2).27 We also use the surface tension and θAdv 
of nitroglycerin (~50 mJ/m2)25 to calculate solid surface energies γSV of the NC 
functionalized surfaces using the Li-Neumann method. Figure 4-7 illustrates barrel shaped 
droplets of water, hexadecane, and nitroglycerin on fibers of NC treated with C6F13.  
 
Figure 4- 7: Barrel droplets on NC treated with C6F13 used for measuring surface energies.  
 
 
The van Oss-Good-Chaudhury (OCG) theory for solid surface energy is for parameters in 
which the direct measurement cannot be performed. This theory estimates the acid and base 
components are attained by solving model equations derived from Young’s equation. It takes 
into account the experimental values of the liquid surface tension and the appropriate contact 
angle for a liquid-solid pair.118-122 According to the Young’s equation, there is a relationship 
between the contact angle and the surface tension of the liquid, the interfacial transfer 
between the solid and liquid, and the surface energy of the solid.18 This approach operates 
under the assumptions that only dispersive interactions are present at the interface and the 
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Young’s equation is reduced to equation 4-3. 119-121 
 
 
Eq. 4- 3 
 
The OCG method involves the surface tension of at least two liquids. In doing so, the solid 
surface energy is divided into a dispersive part, a Lewis acid part, and a Lewis base part.119-
121  The base component describes a surface’s tendency to have interactions with a second 
surface that has the ability to act basic by donating an electron. The acid component has 
opposite tendencies, and acts as an acid by accepting electrons. This method assumes free 
surface energies of the solid and a liquid can be presented as added properties of the 
dispersive and acid base components121, so Young’s equation is written as described in 4-3. 
 
 
 
Eq. 4- 4 
 
For this work we utilized water and n-hexadecane as probe fluids to obtain contact angles on 
our surfaces. Since n-hexadecane as well as other saturated hydrocarbons are purely 
dispersive liquids, γABSV =0, γdSV can be derived from equation 4-2. The acid-base component 
can then be determined by using equation 4-3 using the contact angle of water.  
 The Li-Neumann equation of state method for solid surface tension of solids is 
derived from a thermodynamic point of view.118 The existence of an equation of state implies 
that the equilibrium contact angle is a unique function of only free surface energies of solid 
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and liquid (equation 4-4).118 This method does not take into account molecular origins of 
surface tension and suffers limitations because the theory only takes one liquid into account, 
so the choice of liquid probe fluid for contact angle measurement profoundly effects the 
resulting surface energy.118 However, the Li-Neumann’s method gives good results on low 
energy surfaces.19, 100 
 
 
Eq. 4- 5 
 
The lowest surface energies of bulk surfaces are observed with the NC surface modified with 
C6F13. These surface energies are consistent with results observed in literature with the 
average documented results being ~12mJ/m2. The results for silane functionalized surfaces, 
such as dimethyl siloxane are also consistent with literature values ranging ~20-30 mJ/m2.  
 Surface energies (γsv) were calculated using contact angle measurements estimated 
from and fiber contact angles using software application for contact angle estimations 
described above. Table 4-5 gives surface energy values fiber surfaces utilizing OCG 
(dispersive and acid base approach) and Li-Neumann approaches.  
 Surface energy measurements for NG on the silyl propyl fiber surfaces were ~42 
mJ/m2 for barrel droplet shapes using the Li-Newmann method, demonstrating a slightly 
higher surface energy consistent with mixed surface containing polar and non-polar 
functionalities. For silyl propyl NC surfaces, averaging the surface energies generated from 
H2O and hexadecane probe fluids using the Li-Newmann and the total of acid/base values 
using OCG methods show averaged barrel shaped droplets (HD & H2O) resulted in values of 
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39.4 mJ/m2 (Li-Newmann) and 51.8 mJ/m2 (OCG). The increase of surface energy on silyl 
propyl NC fibers is due to a high contribution of polar (H2O) interactions (γABSV 29.0 and 
20.25 mJ/m2) for barrel shaped droplets, because of the increased wetting by water. 
 The lowest surface energies were observed on silyl propyl perfluoroalkyl treated NC 
fibers. Average surface energies generated from H2O and hexadecane probe fluids using the 
Li-Newmann and OCG methods show barrel shaped droplets with values of ~31.5 mJ/m2 (Li-
Newmann) and ~37.4 mJ/m2 (OCG). Polar contributions were estimated at γABSV 22.44 for 
barrel droplets. The surface energies calculated using the Li-Newmann method for silyl-
propyl-fluoro-alkyl surface using NG as a probe fluid resulted in 31.3 mJ/m2 for barrel-shape 
droplets. The octadecyl silyl treated NC fibers gave ~34 and 28 mJ/m2 for barrel shape 
droplets using the Li-Newmann method to estimate surface energy. The OCG surface energy 
values for barrel shape droplets (H2O/hexadecane) on octadecyl silane fiber surfaces was 
calculated at ~44 mJ/m2.   NC fibers treated with PDMS show ~34.8 (Li-Newmann) and 
41.74 mJ/m2 (OCG) for barrel-shaped droplets on fiber surfaces. The polar contribution was 
estimated at more than half (γABSV  ~21.6 mJ/m2) of the total surface energy estimated by the 
OCG method for the barrel-shape conformation, indicating significant increase in surface 
energy compared to literature values,  resulting from increased wetting with water.  
Literature values for surface energy estimated from contact angles obtained from the PDMS 
surfaces are a beneficial parameter, since it has been determined that hysteresis is negligible 
(2-3°), suggesting a well ordered surface.93 The negligible hysteresis infers a more reliable 
advancing contact angle for deriving surface energy.  
 We estimated the free surface energy (Li-Newmann method) of NC phenyl-silane 
surface using NG as a probe fluid. The surface energy for barrel-shaped droplets on phenyl-
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silyl NC treated fibers obtained from water and hexadecane (Li-Newmman method) probe 
fluids was estimated at (γSV 35.15 mJ/m2) for barrel droplets respectively). OCG surface 
energy estimations for barrel droplets on pheny silyl treated fibers were estimated ~49.1 and 
42.09 mJ/m2, with the polar contributions γABSV  ~24.0 and 21.24 mJ/m2 respectively.  
  
Table 4- 4: Surface Energy Values of Treated Surfaces. 
 Eq. 4-4 Eq. 4-4 Eq. 4-3 Eq. 4-3 Eq. 4-3 Eq. 4-3 
 
H2O 
Probe 
 fluid 
HD 
probe 
fluid 
NG 
probe 
fluid 
Acid/ 
Base 
HD 
Acid/ 
Base  
H2O 
H2O + 
HD 
Functionalized 
 NC surface 
γSV 
(mJ/m2) 
γSV 
(mJ/m2) 
γSV 
(mJ/m2) 
γSV 
(mJ/m2) 
γSV 
(mJ/m2) 
γSVab 
(mJ/m2) 
NC  
+ (C2H5O)3Si(CH2)3NCO 
54.3 21.5 41.7 21.3 29.4 50.7 
       
NC 
+ (C2H5O)3Si(CH2)3NCO 
+ (CH3O)3Si(CH2)2C6F13 
41.1 17.5 27 17.1 16.8 33.9 
       
NC  
+ (C2H5O)3Si(CH2)3NCO 
+ ClSi(CH3)2C18H37 
46.7 20.4 31.9 20 23.3 39.9 
       
NC 
+ (C2H5O)3Si(CH2)3NCO 
+ Cl2Si(CH3)2 
44.2 19 33.3 19 26 44.7 
       
NC 
+ (C2H5O)3Si(CH2)3NCO 
+ Cl3SiC6H5 
50.2 23 41.3 22.8 23.3 46.1 
       
NC 
+ (CH3O)4Si  
+ (CH3O)3Si(CH2)2C6F13 
49 17.8 34.2 17.4 25.7 43.1 
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4.6  Discussion 
 Within the same fiber we demonstrate two parameters yLV
 
and ySV
 
and how these 
parameters not only influence contact angle but drop morphology. With this knowledge we 
can control the wettability on NC. Migration, percolation, and wetting of NG can be 
controlled. On fibers, we have additional parameter which is drop morphology. Figure 4-8 
demonstrates the wetting control on NC treated fibers with perfluoroalkyl, octadecyl, and 
phenyl silanes compared to the complete wetting of bare NC fibers. The decreased linearity 
of surface energy with increased contact angle and surface tension is evident in figure 4-7. 
Equilibria of clam shape  H20 droplets on low surface energy surfaces is predominant on the 
treated fiber surfaces. Clam shell shape droplets of NG on perflouroalkyl and octadecylsilane 
demonstrate the formation of non-axisymmetrical geometry on low surface energy fiber 
surfaces while phenyl silane treated fibers with higher surface energy demonstrate barrel 
shape droplets of NG on the fibers surface. This observation describes the ability of the 
“tuneable” functionality to control the contact angle and the drop morphology at the fiber 
level. 
 
4.7  Conclusions 
In this work we explored methodology to characterize the surface chemistry approach of 
nitrocellulose (NC) to control its wetting and to reduce sweating with energetic plasticizer 
nitroglycerine (NG). Reactions produced lyophobic surfaces with probe fluids agreed with 
those reported for the closely-packed monolayers of CF
3
, CH
3
, and Phenyl-functionalities 
supported on Si wafers. For NC+NCO reacted with C
18
H
37
 and phenyl- silanes, H
2
O contact.  
Angles were high (85-100˚) while the hexadecane contact angles were low (<10˚) providing 
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Figure 4- 8: Wetting control on fibers. 
 
examples of hydrophobic yet oleophilic surfaces.  
 Wettability of functionalized NC fibers was studied by measuring droplets of probe 
fluids on NC fibers using optical microscopy with water NG, hexadecane, dodecane, 
undecane, decane, and nonane as probe fluids. Formation of barrel and clam shape fibers 
were observed on the treated surfaces. Contact angles of fibers resulted in lower 
measurements compared to the same material in bulk pellet form.  The NG contact angles of 
the treated fibers ranged as follows: fluoroalkyl-NC (θclam/θbarrel-shape ~90°/~50°), alkyl-NC 
(~75o/~35°), oligo (dimethylsiloxy)-NC (~65o/~35°), phenyl-NC (~40°/~10°), untreated NC 
(<10o), demonstrating major variations in surface energy in accordance with the nature of 
surface functionalities.   
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 Critical surface tension γC from n-alkanes were possible on octadecyl silane (13.96 
mJ/m2) and silyl-propyl (21.35 mJ/m2) treated fibers, unlike bulk surfaces with the same 
functionality due capillary effect. Surface energies on bulk and treated fibers were in 
accordance with measured contact angles. Treated fibers demonstrate higher surface energies 
due to lower lyophobicity of cylindrical fibers. 
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Chapter 5:  Porosity and Surface Characterization using 
Nitrogen Adsorption and Stability of Functionalized 
Nitrocellulose 
5  To be bknaked 
5.1  Abstract 
 In our previous work nitrocellulose was functionalized by a two-step process using 
the reaction of 3-(triethoxysilyl-propyl isocyanate followed by reactions with either alkyl-, 
fluoroalkyl, or phenyl silane producing NC surfaces ranging in lyophobicity.102 In this work 
we studied the sorption parameters of nitrogen on untreated NC and surface treated NC. We 
find the nitrogen adsorption on untreated 12.47% NC demonstrates a Type IV isotherm with 
narrow hysteresis, evident of secondary porosity128. We utilized the BET theory to obtain 
information about the distribution of nitrogen to include surface area and C constant. C 
constant values were consistent with the lyophobicity calculated from previous work.102 The 
αs method showed the nitrogen isotherm for bare NC was comparable with standard data 
from nonporous solid, and the treatment of NC with silane demonstrated the presence of 
micropores. We utilized the BJH method to estimate the pore size distribution of the 
desorption branch of isotherms. 
 Lower surface energy and increased lyophobicity of modified NC demonstrated 
increased thermal stability and equivalent energetic properties compared to bare NC in the 
presence of NG when exposed to increased temperature and humidity. For stability testing at 
25°C (10% RH) hydrophobicity remained constant on the fluoro alkyl treated NC surface 
demonstrates non-wetting at elevated temperatures. In the presence of 80% RH at 25°C, the 
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homogenous fluoro alkyl surface maintained adequate hydrophobicity (~85°). The bare NC 
exposed to the fluoro-alkyl treated NC demonstrated increased stability in nitrogen content 
compared to bare NC, an indication of maintaining nitro group stabilization when exposed to 
extreme environments. Modified NC pellets doped with NG droplets were aged at ambient 
and elevated temperatures, dry, and in the presence of 80% relative humidity (RH). Samples 
were characterized and compared with bare NC.  
 
5.2  Introduction 
 It is known that cellulose demonstrates a variety of morphologies resulting from the 
wide variety of cellulose materials derived form natural products e.g. wood pulp, cotton, 
bamboo etc.129 In natural cellulose material, the cellulose polymer chains are arranged in 
microfibrils with various diameter sizes in the range of 2-25 nm.129  During the process of 
nitrating cellulose, swelling of the cellulose fibers from solvent exposure results in the 
change of fiber volume.130 It is expected that the nitration of cellulose changes the adsorption 
properties of all structural elements within the fiber to include the molecular chains and 
ending with the large polymers.130 We suggest that within our previous work,101 it is expected 
that the NC fiber morphology will change as a result of surface modification. It is also 
expected that adsorption experiments will verify the wetting studies we performed on the 
modified NC. We found that fluoroalkylsilane, n-octadecylsilane, dimethyldichlorosilane, 
and phenyltrichlorosilane demonstrate various degrees of hydro/lyophobicity when reacted 
with 3-(triethoxysilylpropyl) isocyanate or tetramethoxysilane on the surface of NC.   In this 
work, we measure N2 sorption of military grade NC derived from wood pulp. According to 
literature, the adsorption properties of the cellullose used for nitration, will depend on the raw 
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material in which it was derived. In this chapter we discuss adsorption properties of bare NC 
and treatment of NC with silane. In this chapter, we also utilized several techniques to 
characterize the surface functionalization of military grade nitrocellulose (NC). Here, we 
report a rigorous set of characterization parameters to confirm surface modification, fiber 
lyophobicity, and thermal stability. Apparent contact angle measurements using water as 
probe fluid,  DSC analysis, and elemental composition were used to monitor the thermal 
stability of conditioned modified NC in the presence of surface NG. 
 
5.3  Physical Adsorption of Vapor: Theoretical Overview 
 Adsorption is the process in which a solid (adsorbent) can take up a volume of 
condensable gas (adsorbate) in which the effectiveness of the solid depends on the exposed 
surface area and is a result of surface energy.131 Adsorption can occur  by either physical 
(physisorption) or chemical (chemisorption) forces. For this study our materials were 
exposed to physical sorption, since we did not observe chemical reactions between adsorbant 
and adsorbate in our studies. We expected the reactions with NC and gases to be reversible 
and characteristic of van der Waals forces.126 Gas adsorption for surface area measurements 
is physisorption at the critical temperature (Tc) at which the adsorbate is in equilibrium 
between the vapor and liquid phase at a particular pressure.  A measured amount of adsorbate 
is released to the adsorbant (previously purged with heat and vacuum to remove surface 
contaminents) and adsorption onto the sample occurs until equilibrium is reached.  The 
difference between the amount of gas dosed and amount remaining is the quantity adsorbed, 
which is plotted versus the equilibrium pressure.126-133 
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5.4  Adsorption Isotherms 
 The measurement of sorption enables both adsorption and desorption to be measured 
and studied. When the term ‘adsorption’ is used discussing adsorption isotherm 
measurements, it is referring to both adsorption and desorption in which the addition and 
withdraw of gas may generate a hysteresis loop.133 The adsorption isotherm is a plot of the 
quantity of gas adsorbed in moles per gram of adsorbant versus relative pressure (p/p0) in 
which p is absolute pressure and po is atmospheric pressure. The relative pressure accounts 
for the pressure between 0-1 atm. The driving force of adsorption is the minimization of 
surface energy on a solid.133-136 
 There are two fundamental techniques used to measure adsorption isotherms. The 
most common technique is volumetric method using nitrogen (N2) adsorption at 77K and 
standard pressure. Water vapor can also be used as adsorbate in volumetric measurements. In 
our work we used the conventional procedure for the determination of N2 adsorption 
isotherm. This conventional technique makes use of a discontinuous, point-by-point 
procedure. Successive amounts of the adsorptive are introduced and at each stage the system 
is allowed sufficient time to attain equilibrium, corresponding to a sequence of points on the 
adsorption isotherm. This approach is more recent and is dependent on the principle of 
‘quasi-equilibrium.’135 
 The second fundamental technique to obtain adsorption isotherms is a gravimetric 
method using water vapor adsorption at room temperature.135 Adsorption isotherms resulting 
from physical adsorption are grouped into five classes (Types I-V) Figure 5-1. 
 The Type II adsorption isotherm gives evidence of macroporous material (2-50 nm 
pore width).133-136 The Type III adsorption isotherm usually represents hydrophobic surfaces 
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at low water activities and hydrophilic surfaces at high water activities.133-136 Type IV 
isotherm is also representative of mesoporous materials and due to capillary condensation, 
gives a hysteresis loop attributed to the filling and emptying of the pores.133 Capillary 
condensation is the occurrence whereby a gas condenses to a liquid phase in a pore at a 
pressure (p) less than the saturation pressure (p0) of the bulk liquid.
 133 
 
Figure 5- 1: Types of adsorption isotherms (IUPAC 1985).139 
Image reproduced from reference 139, Permission from American Chemical Society, 1993. 
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A common feature of Type IV isotherms is a final saturation plateau, of variable length. 133 
Type V adsorption isotherm also is representative of adsorption/desorption hysteresis and its 
initial low uptake due to adsorption onto non-polar surfaces.133 The Type V isotherm is 
typically observed with experiments with zeolites.133 The Type VI adsorption isotherm 
occurs in a step-wise nature in which each step is allowing monolayer formation on an 
inhomogeneous surface.133   The classification of hysteresis loops recommended by 
IUPAC137 is displayed by Figure 5-2. This classification is based on experimental 
observations of classical principles of pore filling, primarily by the use of the Kelvin 
equation for mesopore analysis.133-138 Hysteresis loops are typically related with the filling 
and emptying of mesopores. Type H1 is associated with porous materials consisting of well-
defined cylindrical-like pore channels. Type H2 is associated with materials that does not 
have a well-defined pore shape and pore size distribution. Type H3 is observed in aggregates 
that have slit-shape pores. Type H4 is associated with narrow slit pores and pores in the 
micropore region (< 2 nm). 139 
 
5.5  Experimental  
5.5.1  General Information 
 The nitrocellulose used in this study was a blended military grade cellulose 
manufactured at Radford AAP, Virginia. Nitroglycerine (NG) was supplied as 5% 
nitroglycerin in ethanol (SDM 36) by Copperhead Chemical Company.  Elemental analysis 
give a nitrogen content of 12.45%. 
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5.5.2  Nitrogen Adsorption 
 Nitrogen adsorption isotherms were measured at liquid nitrogen temperature using a 
Quantachrome iQ sorption analyzer. Samples were purged for eight hours before 
measurements. The NC was heated 60°C during the degassing process.  Note: Temperatures 
above 60°C will promote the start of degradation of NC. ~ 1 gram samples were prepared for 
this experiment. 
 
Figure 5- 2: Classification of hysteresis loops (IUPAC 1985).137 
Image reproduced from reference 137, Permission from American Chemical Society, 1999. 
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5.6  Nitrogen Adsorption Isotherm on Nitrocellulose 
 Figure 5-3 shows a nitrogen adsorption isotherm generated from bare military grade 
nitrocellulose ~12.45%. The experiment was carried out by increasing the pressure up to 
condensation pressure followed by reduced pressure to observed both the adsorption and 
desorption branches. The shape of the isotherm and presence of hysteresis could essentially 
be viewed as Type IV adsorption isotherm. The isotherm presented a narrow hysteresis loop 
closure at ~ .4 p/p0 where N2 can condense as a liquid in pores. This observation is associated 
with capillary condensation in mesopores. The narrow hysteresis displayed in Figure 5-3, is 
characteristic of a Type 3 loop, giving evidence of containing slit like pores or perhaps 
having pores that reside between amorphous particles. According to literature, pore types fall 
into two categories, either true porosity or secondary porosity.133,140,141 Previous adsorption 
studies on cellulose powders designate the material as having a fractal geometry, lacking in 
uniformity.131 Therefore, NC may not be porous itself, but may possess pores or aggregates 
composed of plate-like particles that are behaving similar to mesopores. Although we were 
dealing with most likely what appears to be secondary porosity, N2 adsorption allowed for 
gathering sufficient data for textural characterization of military grade NC, providing results 
for parameters that have not yet been studied.  
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Figure 5- 3: Nitrogen adsorption isotherm of bare nitrocellulose at 77K. 
 
 
5.7  Nitrogen Adsorption Isotherm on Functionalized Nitrocellulose 
 With the functionalization of NC with triemethoxysilyl propyl isocyanate 
(NC+NCO), the formation of carbamate replacing hydroxyl groups on the NC surface 
demonstrated similar trends regarding isotherm type and narrow hysteresis loop (Figure 5-4). 
The addition of perfluoralkyl silane resulted in a narrower hysteresis compared to NC or 
NC+NCO. Perfluoro alkyl, which is characterized by a carbon backbone may have 
contributed to mesoporous ‘like’ gap closure within the textural make-up of NC, making 
secondary porosity less noticeable with the addition of perfluoralkyl silane. The significant 
decrease in surface energy of NC caused by treatment with  perfluoralkyl silane is most 
likely the cause of narrow hysteresis, a result of minimized condensation in the pores. The N2 
adsorption generated from the addition of to the carbamate treated NC slightly lowered the 
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adsorption pressure but maintained a hysteresis similar to bare NC. The treatment with 
phenyl silane demonstrated a slightly more open hysteresis loop closing at ~ 2 relative 
pressure. The direct treatment of tetramethoxysilane (TMOS) with NC showed a drop in 
mmol of N2 Per gram of adsorbant compared to bare NC. We will see in the following 
section that when compared to standard isotherms, adorption of NC treated with silanes 
shows trends of micropore formation. 
 
5.8  BET Analysis 
The BET model developed by Brunauer, Emmett and Teller131-133 is based on a model of 
physiosorption that is extended from the original Langmuir model that is used for the 
characterization of porous materials. The Langmuir model takes into consideration the area 
of adsorption that represents a single monolayer.133 135 BET is based on an over-simplified 
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Figure 5- 4:  Nitrogen Adsorption Isotherms of Nitrocellulose 
functionalized with triethoxysilyl propyl isocyanate (NCO), NCO and perfluoroalkylsilane, 
NCO and octadecylsilane, NCO and phenylsilane, tetramethoxysilane (TMOS), TMOS and 
perfluoroalkylsilane, TMOS and Octadecylsilane. 
assumption that the molecules are formed in layers, in which each layer acts as a bed for the 
previous layer, and each layer above the latter are assumes liquid-like properties.131 The best 
fit for BET is the portion of an isotherm at ~ 0-.3 p/p0, in which this section of the isotherm 
produces a linear fit of a BET plot that is dependent on the adsorption system and operating 
temperature. Surface area the C constant, pore shape, and pore size distribution can be 
estimated after surface modification.  Surface area is obtained using a single point BET 
method (only one point in the isotherm) or multi point BET method (at least 3 points up to 7 
points or 11 points) in this lower p/po region. For our study we used the multi point BET 
method selecting 10 points for the linear fit. Equation 5-1 gives the BET model where n is 
the number of moles of nitrogen adsorbed and nm is the monolayer capacity, which is the 
number of moles of nitrogen that fills a surface of a single monolayer. po is the saturation 
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vapor pressure and c is the C constant given in equation 5-3 where (q1-qL) is the net heat of 
adsorption, R is the constant, and T is temperature. 133-137  Equation 5-2 is a form of the BET 
used for plotting. 133-137  Figure 5-5 shows the linearity of BET plot from the N2 adsorption of 
bare NC with an R2 value of .9998 showing defined linearity in BET region. The BET plots 
shown in Figure 5-5 show that the treatment of NC with triethoxysilyl propyl isocyanate, 
which forms the carbamate on NC, maintains linearity within the BET portion of the 
adsorption isotherm compared to bare NC. BET plots of NC treated with additional silanes, 
slightly dropped in linearity compared to bare NC, although there was not a noticeable scatter 
of data points away from the linear BET plots (Table 5-1).  
 
Eq. 5- 1 
 
 
 
 
Eq. 5- 2 
 
 
 
Eq. 5- 3 
 
In a N2 isotherm, the interactions are relatively weak and uniform, and the measurement of 
accumulated nitrogen on the surface of the material provides the surface area. Table 5-1 
gives the surface area values (SBET) in m
2/g of bare NC and treated NC. The surface area of 
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bare NC and its treated surfaces ranged from 1.35-2.70 m2/g. These estimate are low based 
on the nature of the fibrous material. Treated of NC with silane did not significantly change 
the surface area. 
 The C-constant (CBET) is a dimensionless value obtained from equation 5-3 that is 
related to the heat of adsorption in which it makes no assumptions.133 It analyzes the true 
surface energy of the powder. The liquid N2 gives you the surface phobicity in which there is 
a uniform surface. The C constant uses a semi-quantitative scale. 131-133 For our purposes, it 
relates to the contact angle on a fiber. Typical C constant values are in the range of 10-150 
for nitrogen at 77 K for well-defined monolayers on many non-porous and mesoporous 
adsorbates. Low C constants indicate a non-polar surface while high C constants value 
indicates strong adsorbent-adsorbate interactions.133 For surface functionalization it is an 
important parameter for comparing the untreated surface versus the treated surface. 
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Figure 5- 5: BET Plots 
of (1) Bare NC and NC treated with the following:  (2) Tri-silyl-propyl-NCO (3)Phenylsilane 
(4) Octadecylsilane,  (5) Perfluoroalkylsilane, (6) Polydimethylsiloxane. 
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Table 5-1 gives the CBET value of 73.00 for bare NC, demonstrating a moderate adsorbent-
adsorbate interaction. The addition of the propyl silyl carbamate (NCO) decreases the 
energetic interaction of the NC fibers with N2. The treatment of NC+NCO with fluoroalkyl 
gives the lowest CBET values at ~14, followed by ~18-19 for octadecyl (C18) and 
polydimethylsiloxane (PDMS). The addition of phenylsilane to NC+NCO gives a CBET value 
of 22.00 NC treated with tetramethoxysilane (TMOS) gave a CBET value of 80.00. This value 
shows that the addition of TMOS to NC is energetically more reactive with N2 than bare NC, 
This could be in part to the additional formation of silanol on the surface of NC. The 
treatment of the NC + TMOS surface with flouroalkyl again reduced the CBET value to ~14 
and the addition of octadecyl to NC + TMOS to 19.00. These values are consistent with our 
previous work that demonstrates the addition of fluoroalkyl to NC fibers results in the lowest 
surface energy values and highest contact angle values for multiple probe fluids.102 Octadecyl 
and PDMS treated NC surfaces also present low surface energy followed by phenyl silane, 
demonstrating the various ranges of lyophobicity that the NC surface can take on especially 
with the addition of our so-called “primer-layers” of NCO and TMOS based on our previous 
work.15,102  
 
5.9  αs  Method for Nitrogen Adsorption 
 The αs method developed by Sing et al.131-133 compares experimental data with 
standard data from nonporous solid for the purpose of conformity, specifically porosity.133 
For our experiments we utilized standard data from nonporous hydroxylated silica. 133-135   
The αs method uses a normalizing factor (ns), which is the amount adsorbed at some fixed 
relative pressure (p/p0), in practice this is equal to 0.4, therefore normalizing the adsorption 
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n/n0.4 (=αs) from a isotherm on a reference sample of nonporous hydroxylated silica which is 
plotted against p/po.
133-135 
 
Table 5- 1: BET Values for Bare and Treated Nitrocellulose. 
  CBET SBET m2/g R2 
Bare NC 73.00 2.40 0.9998 
NC + NCO 37.00 2.70 0.9993 
NC + NCO + TDF 14.00 2.30 0.9987 
NC + NCO + C18 18.00 1.50 0.9988 
NC + NCO + PDMS 18.98 2.00 0.9988 
NC + NCO +phenyl silane 22.00 1.40 0.995 
NC + TMOS 80.00 2.00 0.9959 
NC + TMOS + TDF 14.00 1.50 0.999 
NC + TMOS + C18 18.00 1.40 0.9959 
 
This procedure generates a standard αs curve. 133 This curve was then used to construct an αs 
plot of bare and treated nitrocellulose based off of N2 isotherms. This comparison of isotherm 
shape offers a direct means of comparing the shapes of a pair of isotherms.133 The graphical 
comparison in the following figures describes the adsorption portion of the isotherm 
normalized in mmol/m2. 
 Figure 5-6 compares bare NC with nonporous hydroxylated silica obtained from 
Gregg and Sing et al.131-133, The curve for bare nitrocellulose demonstrates an S-shape similar 
to that of the standard isotherm. The shape of the adsorption isotherm for bare NC in 
mmol/m2 suggests similar textural properties as nonporous hydroxylated silica. It can be seen 
that the amount of N2 adsorbed per square meter on bare NC is approximately the same as 
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the amount absorbed on the non-porous geometrical surface of standard silica. This portion 
of the isotherm generated from bare NC does not take into account the overall Type IV 
isotherm for NC that demonstrates narrow hysteresis and the presence of capillary 
condensation due to mesopore filling. Figure 5-6 shows αs plots of treated NC compared to 
nonporous hydroxylated silica. NC treated with triethoxylsilylpropyl carbamate (NCO) 
maintained similar S-shape curve with bare NC but produced a slightly linear upward trend at 
.3 p/po. The addition of polydimethyl silane (PDMS) to NC+ NCO also demonstrated a 
suffient S-shaped curve similar the standard isotherm. The further treatment of NC+NCO 
with fluoroalkyl and octadecyl (C18) silane demonstrated an upward linear trend from ~.2-.7 
p/p0 eliminating the S-shape curve that represents the standard isotherm. The addition of 
phenyl silane showed a steep upward linear deviation at ~.7 p/po from the standard S-shaped 
curve. The addition of tetramethoxysilane (TMOS) to NC along with fluoroalkyl and 
octadecyl (C18) silane demonstrated deviations in isotherm shape when compared to the 
standard isotherm and bare NC. These trends resulting in deviation of the standard S-shape 
curve for Type II and IV isotherms indicates the presence of micropores after treatment. 
 
5.10  Pore Size Distribution PSD 
 Pore size distribution in a porous media controls the transport behavior the fluids 
through them.135 For nitrocellulose, the gas may flow through fractured pores or aggregates 
composed of plate-like particles.133,136 Pore size analysis using nitrogen adsorption is based 
on the Kelvin equation with a method devised by Barret, Joyner, and Halenda (BJH method) 
that assumes cylindrical pore geometry.133 This approach is a procedure for calculating PSD 
from experimental adsorption isotherms using the Kelvin model of pore filling.133-137, 141-142 
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Figure 5- 6:  αs Plot  
(1) Bare NC, (2) NC+NCO, (3) NC+PDMS, (4) NC+ Octadecylsilane (5) NC+ C6F13. (6) 
Phenylsilane. 
 
 
 As described in sections 5-8 and 5-9, our samples produce a low pressure Type IV 
isotherm with a narrow hysteresis loop, evident of the occurrence of capillary condensation.  
Figure 5-7 shows the BJH PSD obtained for bare NC by plotting dV/dr (m2) by pore radius 
(nm) using the desorption branch of the adsorption isotherm. The distribution for bare NC is 
bimodial with an initial increase of in the parameter dV/dr increase at ~6 nm and leveling off 
until the presence of a major peak at ~13.0 nm.  
 NC treated with triethoxy silyl propyl isocyanate (NCO) shares the same distribution 
with bare NC with the distribution shifting slightly to the left of the curve, but maintaining a 
major peak at ~13 nm. The addition of perfluoroalkyl silane to NC + NCO provides a slight 
noticeable presence of pore size at ~ 5 nm. The presence of a wide distribution from ~5-15 
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nm is present and drops off after ~ 15 nm. This data is in align with the low adsorption and 
narrow hysteresis observed from the isotherms generated from perfluroalkyl treatment of 
NC+NCO. The treatment of NC+NCO with octadecylsilane shows a major distribution peak 
~11 nm decreasing the overall pore size by ~ 2nm. The treatment of NC+NCO with PDMS 
remained consistent with the pore size of bare NC and NC+NCO. The treatment of NC+NCO 
with phenylsilane decreased the major pore size down to ~4.5 nm and presented another 
major peak at ~13 nm with smaller pores. Treatment of NC with TMOS resulted in a 
trimodial distribution with a low accumulated pores at ~ 2.7 nm and ~9 nm. A major peak at 
~ 13 nm is present but decreased in dv/dr (m2) compared to bare NC. The addition of 
perfluoroalkylsilane to NC + TMOS was similar to the addition of perfluoralkylsilane to NC 
+ NCO. The treatment of NC + TMOS with octadecylsilane resulted in identical PSD to NC 
+ TMOS.  
 
Figure 5- 7: Pore Size Distribution 
 (1) bare NC and NC treated with the (2) NC+NCO (3) Polydimethlysiloxane (4) 
Perfluoralkyl  (5) Octadecylsilane (6) Phenylsilane. 
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5.11  Conditioning and Thermal Stability  
5.11.1  General Information 
 NC samples were pressed into pellets using a Perkin Elmer 13mm IR die under a 
Carver Laboratory Press at 8 metric tons pressure and held for 1 min to ensure adequate 
pellet formation. 25 uL (5 droplets) of NG were dispensed on appropriate pellets using a 
Drummond WIRETROL 5ul pipette. The samples were placed in desiccators prepared in dry 
and 75% humidity. Samples were conditioned at ambient, 50°C, and 65°C up to 3 weeks. 
Samples were pulled out of the conditioning chambers according to selected timed intervals 
for chemical characterization.  
 Pellets of modified NC were conditioned at seven, fourteen, and twenty-one days, 
exposed to 25°C, 50°C, and 65°C in 10% (dry) and 80% RH Conditions were chosen based 
on previous propellant aging and shelf-life predictions.3,5,10 For this experiment, we chose the 
highly NG phobic fluoro alkyl silane surface determined by previous work.102 Samples 
chosen for thermal stability were based on the following reaction parameters:  
 
 1. Homogenous surface; NC dissolved in THF, followed by addition of 3- 
 (triethoxysilylpropyl) isocyanate and hydrolysis of tridecafluoro 1,1,2,2,- 
 tetrahydrooctyl trimethoxysilane.  
 2. Heterogeneous surface; NC stirred in toluene, followed by addition of 3-
 (triethoxysilylpropyl) isocyanate and hydrolysis of tridecafluoro 1,1,2,2,-
 tetrahydrooctyl trimethoxysilane.  
 3. Thick primer layer; tetramethoxy silane vaporized surface followed by addition of 
 tridecafluoro 1,1,2,2,-tetrahydrooctyl trimethoxysilane (stirred in toluene).  
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NG droplets were applied to selected pellets to study the influence of NG on the surface and 
chemical stability. NG droplets were applied to the fluoro alkyl treated pellet in a way so that 
adequate space for H2O droplets could be applied for contact angle measurement. NG and 
water completely wet bare NC, therefore contact angle measurements on the bare NC surface 
was not feasible, The NG soaked NC pellets were used for nitrogen content. Figure 5-8 show 
the dispensed droplets on bare NC and fluoro alkyl treated NC. The progress of potential 
aging effects and NG exposure to surface functionalized NC was evaluated by static water 
contact angles (θAdv), and elemental analysis. 
 
 
Figure 5- 8: Dispensed Droplets 
(a) Soaking of nitroglycerin droplets (~ 75uL) on a pellet of bare NC. (b) Droplets of 
nitroglycerin on a pellet of C6F13-NC for aging and wetting measurements. Scale bar: one 
unit is 1 mm. 
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5.11.2  Wetting Measurements  
 The fluoro alkyl NC homogeneous surface showed optimal hydrophobicity over time 
and temperature exposure. Fig. 5-9 and 5-10 show the change in water contact angle over 
time exposed to 21°C, 50°C, and 65°C (10% and 80% RH).  At 21°C and NG exposure, the 
homogenous surface maintained a water θAdv of 115° and slightly decreased to 110° at day 
three and 107° at day four. The H2O θAdv (105°) at twenty-one days, demonstrates constant 
surface hydrophobicity based on selected conditions. When exposed to 80% RH. for 21 days 
(25°C) the water contact angles for the homogenous surface decreased ~28° in the presence 
of extreme humidity. However, the surface maintained a sufficient degree of hydrophobicity 
(~85°) with and without the presence of surface NG. This is most likely due to formation of a 
pre-wetted surface at the NC interface in which surface moisture impacts the measurement of 
the advancing water contact angle. The surface designated ‘thick primer layer’, representing 
vapor deposition of tetramethoxysilane with the addition of fluoro alkyl, demonstrates a 
similar trend to the fluoro-alkyl homogeneous layer in regard to hydrophobicity. The thick 
primer layer was ~5° less hydrophobic than the homogeneous surface. Both surfaces present 
a decrease in water advancing contact angles at seven days and complete wetting at fourteen 
days (80% RH 65°C). NC surfaces functionalized with 3-(triethoxysilylpropyl) isocyanate 
followed by addition of fluoro alkyl prepared in toluene are designated as ‘heterogeneous’ 
with initial H2O advancing contact of 95°. The heterogeneous surface maintained 
hydrophobicity at 21°C for the duration of the study. At 80% RH (25°C), water advancing 
contact angles decreased by 25° after twenty-one days. At 50°C and 65°C 10% RH, 
hydrophobicity decreased ~5°, with and without the presence of NG. When exposed to 50°C 
(80% RH) the water advancing contact angles decreased by 15° at day two,  8° at day three, 
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and stabilized at ~75° at seven days. At week two, the water contact angle measurement was 
62°. Week three showed a water contact angle measurement of 55°, a 45° difference from 
day one. When exposed to 65°C (80% RH), the heterogeneous surface showed water contact 
angle measurements of 65° at day two and 60° for day three. At day four, complete wetting 
by water was observed on the heterogeneous surface. Over all, the NG droplets remained 
visible and intact on the pellet surface exposed to dry conditions at 25°C and 50°C up to 
three weeks. Surface NG remained intact during exposure of 80% humidity at 25°C. 
Exposure of 80% humidity at 50°C resulted in NG to leaving the NC pellet surface within 
three days. In the presence of 65°C (10% and 80% RH), the surface NG was no longer 
visible on the pellet surface. 
 
Figure 5- 9: Change of water contact angle of NC-C6F13 aged at room temperature over 21 
days. 
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Figure 5- 10: Nitrocellulose treated with C6F13 at 50°C and 65°C for 21 days. 
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5.11.3  Elemental Nitrogen  
 Percent nitrogen content was used as a parameter for stability. The homogeneous 
silane fluoro alkyl NC was chosen for this study because of its optimal performance.102 
Figure 5-11 demonstrates the loss of percent nitrogen over time based on aging temperature. 
Samples were conditioned at room temperature (RT), 50°C, and 65°C (10% and 80% 
humidity) up to twenty-one days. Samples exposed to 10% humidity at room temperature 
maintained baseline % N throughout the testing duration as expected. For RT at 50°C (10% 
RH).  Bare NC had a slight decrease in %N while the C6F13 treated NC maintained %N 
continuity. At 65°C (10% RH), the nitrogen content of bare NC dropped from 13.0 to 12.0% 
nitrogen content. When exposed to 80% RH at room temperature, the %N remained 
stabilized for both the bare and treated NC. The fluoro alkyl treated surface initially 
decreased and stabilized at day four, maintaining stability up to twenty-one days. At 50°C 
(80% RH) bare NC showed a slight decrease in %N. For samples exposed to 80% RH; 65°C, 
the results were more dramatic. Bare NC progressively decreased in nitrogen content down to 
~7.5% nitrogen at twenty-one days while perfluoralkyl treated NC decreased down to ~9.5% 
at 14 days and stabilized to 21 days. Overall, the NC treated with perfluoralkyl demonstrated 
a steady %N compared to bare NC demonstrating increased stability to humidity exposure 
overtime. The fluoro alkyl treated NC with the addition of 80% RH, maintained nitrogen 
content stability up to seven days (12.8% without NG, 12.66% with NG), and decreasing to 
9.64% (without NG) and 10.32% (with NG) at twenty-one days. The increased nitrogen 
content of fluoroalkyl treated NC compared to bare NC, demonstrates the effectiveness of the 
treated surface.  
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Figure 5- 11: Change of nitrogen content over time 
 of bare NC and NC-C6F13 aged at 50˚C and 65˚C 10% and 80% relative humidity (RH). 
 
 
The increased stabilization of percent nitrogen for the fluoro alkyl treated surface is an 
indication of two likely scenarios. The first being stabilization of nitro groups due to 
minimizing surface energy of NC with fluoro alkyl functionality. Moreover, the ability of the 
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modified NC to inhibit NG from soaking through fluoro alkyl treated fibers. 
 
5.12  Conclusions 
 In this work we explored the sorption parameters of untreated NC and NC modified 
with different groups ranged as follows: fluoroalkyl, alkyl, oligo(dimethylsiloxy), 
phenylsilane. The surface chemistry of NC can be modified to exhibit hydro/lyophobic 
properties. The nitrogen adsorption isotherm of bare NC takes the shape of Type IV 
adsorption isotherm. The isotherm presented a narrow hysteresis loop closure at ~ .4 p/p0 
where N2 can condense as a liquid in pores. The addition of the aforementioned functional 
groups lowered the adsorption and resulted in an increased narrow hysteresis. αs plots were 
constructed to compare bare and treated NC to a standard isotherm. Bare NC demonstrated 
similar trends to the standard isotherm while the treated NC suggested a presence of 
micropores. BET analysis demonstrated low surface area on bare and treated NC. The CBET 
value of 73.0 for bare NC demonstrated moderate adsorbent-adsorbate interaction. The 
addition of the propyl silyl carbamate (NCO) decreased the energetic interaction of the NC 
fibers with N2. The treatment of NC+NCO with fluoroalkyl demonstrated the lowest CBET 
values at ~14.0, followed by ~19.0 for octadecyl (C18) and polydimethylsilane (PDMS), with 
the addition of phenyl silane to NC+NCO gives a CBET value of 22.0, demonstrating surface 
interactions similar to our previous work. NC treated with tetramethoxysilane (TMOS) gave 
a CBET value of ~80.0 demonstrating the addition of TMOS to NC is energetically more 
reactive with N2 than bare NC. The pore size distribution was determined by the BJH method 
using the desorption method. Bare NC demonstrated a bimodial PSD with an initial with a 
major peak at ~13.0 nm. NC treated with triethoxy silyl propyl isocyanate (NCO) shared the 
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same distribution with bare NC. The addition of perfluoroalkyl silane to NC + NCO showed 
a wide distribution from ~5.0-15.0 nm. The treatment of NC+NCO with octadecylsilane 
shows a major ~11.0 nm. The treatment of NC+NCO with phenylsilane decreased the major 
pore size down to ~4.5 nm and presented another major peak at ~13.0 nm. The treatment of 
NC with TMOS resulted in a triple mode distribution.  
 For stability testing at 25°C (10% RH) hydrophobicity remained constant on the 
fluoro alkyl treated NC surface demonstrates non-wetting at elevated temperatures. In the 
presence of 80% RH at 25°C, the homogenous fluoro alkyl surface maintained adequate 
hydrophobicity (~85°).   The bare NC exposed to 65°C, 80% RH demonstrated a faster rate 
of percent nitrogen loss. The addition of NG initially increased the nitrogen content with 
decreasing amounts during the conditioning process. Bare NC and the fluoro alkyl treated 
surface demonstrated significant nitrogen loss in the presence of 80% RH after fourteen days, 
although the fluoro-alkyl treated surface maintained a higher percent nitrogen content over 
time.  The bare NC and fluoro-alkyl treated surface demonstrates lyophobic properties, based 
on the initial percent nitrogen loss and therefore stabilizing until seven days, where a slow 
decrease was observed up to twenty-one days. The fluor-alkyl treated NC demonstrated 
increased stability in nitrogen content compared to bare NC, an indication of maintaining 
nitro group stabilization when exposed to extreme environments.  
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APPENDIX A 
Molecules used in NC Surface Modifications 
 
Figure A- 1:Nonafluoropentanoyl Acyl 
chloride 
 
 
Figure A- 2: Pentafluorobenzoyl Acyl 
chloride 
 
 
Figure A- 3: 3,3,3,-trifluoropropanionyl 
Acyl chloride 
 
 
Figure A- 4: Pentadecafluorooctanoyl Acyl 
chloride 
 
 
Figure A- 5: Phenyltrichlorosilane  
 
Figure A- 6: Dimethyldichlorosilane  
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Figure A- 7: n-octadecyldimethyl 
chlorosilane 
 
 
Figure A- 8: 
Tridecafluorotetramethoxyhydrooctyl  
trimethoxysilane 
 
 
Figure A- 9: Pentafluorphenyl isocyanate   
 
Figure A- 10: 3-5 bis(trifluoromethyl)phenyl 
Isocyanante 
 
 
Figure A- 11: Trimethylsilyl isocyanate  
 
Figure A- 12: 3-(Triethoxysilyl)propyl 
isocyanate 
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Figure A- 13: Tetramethoxysilane  
 
Figure A- 14: Hunig’s Base  
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APPENDIX B 
Table B- 1: Solvent Loss Over Time to Monitor Remaining Nitroglycerin for Purity 
Conformation. 
 Sample Runs 
elapsed time, 
hr 
wt (g), tin + NG 
(ethanol solution) 
wt (g), NG 
residue loss rate, mg/hr 
2019.01.15 
0:00   1.262803     
2019.01.15 
9:21 0.00 2.923803 1.661000   
2019.01.15 
9:41 0.33 1.367800 0.104997 4668.01 
2019.01.15 
10:24 1.05 1.349900 0.087097 24.98 
2019.01.15 
10:54 1.55 1.348660 0.085857 2.48 
2019.01.15 
12:09 2.80 1.347730 0.084927 0.74 
2019.01.15 
14:24 5.05 1.347179 0.084376 0.24 
2019.01.15 
15:54 6.55 1.346841 0.084038 0.23 
2019.01.16 
8:33 23.20 1.343698 0.080895 0.19 
2019.01.16 
15:08 29.78 1.342437 0.079634 0.19 
2019.01.16 
15:38 30.28 1.332760 0.069957   
2019.01.17 
8:37 47.27 1.329983 0.067180 0.16 
2019.01.17 
11:08 49.78 1.310281 0.047478   
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Figure B- 1: Solvent loss of ethanol/NG stock solution for purity. 
 
 
Figure B- 2: GC-MS Chromatogram. 
Solvent blank: 4:1 (v:v) n-BuAc : n-BuOH w/ 1.4mg/mL isopropanol internal std; extracted 
at m/z 18, 31, 45 (top, middle, bottom) for water, ethanol, isopropanol. 
0.10
1.00
10.00
100.00
1000.00
10000.00
0.10 1.00 10.00 100.00
ra
te
 o
f 
w
e
ig
h
t 
lo
s
s
, 
m
g
/h
r
Time, hr
Evaporation of NG solution
C:\Xcalibur\...\190-015-1 NG\blank_06 1/17/2019 10:09:12 AM volatiles blank
2uL of 1.4g/L IPA in 1:4 nBuOH:nBuAc 2 C:\Xcalibur\data\Projects\2018\181134 BDNPAF\Volatiles-manual.meth
RT: 0.000 - 10.301 SM: 5G
0 1 2 3 4 5 6 7 8 9 10
Time (min)
0
5000000
10000000
15000000
20000000
25000000
30000000
0
500000
1000000
1500000
2000000
2500000
R
e
la
ti
v
e
 A
b
u
n
d
a
n
c
e
0
200000
400000
600000
800000
1000000
RT: 2.618
AA: 1196763
SN: 32RMS
7.7786.495 7.7291.600 6.3582.685 5.8385.1984.5274.4643.7321.513 1.672
RT: 6.490
AA: 5881845
SN: 927RMS
RT: 6.567
AA: 100097
SN: 23RMS
6.442 7.3225.7325.407 7.7974.8834.4983.7783.398
RT: 6.490
AA: 70411319
SN: 29781RMS
RT: 7.028
AA: 17870
SN: 11RMS
NL:
1.15E6
m/z= 
17.70-
18.30 F:   
MS  ICIS 
blank_06
NL:
2.91E6
m/z= 
30.70-
31.30 F:   
MS  ICIS 
blank_06
NL:
3.42E7
m/z= 
44.70-
45.30 F:   
MS  ICIS 
blank_06
136 
  
 
 
 
Figure B- 3: GC-MS Chromatograms  
water and ethanol standard in 4:1 (v:v) n-BuAc : n-BuOH w/ 1.4mg/mL isopropanol internal 
std; extracted at m/z 18, 31, 45 (top, middle, bottom) for water, ethanol, isopropanol. 
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Figure B- 4: GC-MS Chromatogram 
5uL nitroglycerin + 20uL solvent 4:1 (v:v) n-BuAc : n-BuOH w/ 1.4mg/mL isopropanol 
internal std; extracted at m/z 18, 31, 45 (top, middle, bottom) for water, ethanol, isopropanol. 
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Figure B- 5: DSC thermogram of neat NC decomposition (exotherm down). 
 
 
Figure B- 6: DSC thermogram of 3,3,3,-trifluoropropanionyl acyl chloride treated NC 
showing decomposition. (Exotherm down) 
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Figure B- 7: DSC thermogram of nonafluoropentanoyl acyl chloride treated NC showing 
decomposition. (Exotherm down) 
 
 
Figure B- 8: Measured parameters for estimating dimensionless 
symmetric contact angles of NG droplet on a functionalized NC surface. 
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Table B- 2: Standard Data for Adsorption of N2 at 77K On nonporous hydroxylated silica.
 133 
 
p/po mol/m2 as, (=n/n0.4) 
0.00 4.0 0.26 
0.01 5.4 0.35 
0.01 6.2 0.40 
0.02 7.7 0.50 
0.03 8.5 0.55 
0.04 9.0 0.58 
0.05 9.3 0.60 
0.06 9.4 0.61 
0.07 9.7 0.63 
0.08 10.0 0.65 
0.09 10.2 0.66 
0.10 10.5 0.68 
0.12 10.8 0.70 
0.14 11.3 0.73 
0.16 11.6 0.75 
0.18 11.9 0.77 
0.20 12.4 0.80 
0.22 12.7 0.82 
0.24 13.0 0.84 
0.26 13.3 0.86 
0.28 13.6 0.88 
0.30 13.9 0.90 
0.32 14.2 0.92 
0.34 14.5 0.94 
0.36 14.8 0.96 
0.38 15.1 0.98 
0.40 15.5 1.00 
0.42 15.6 1.01 
0.44 16.1 1.04 
0.46 16.4 1.06 
0.50 17.0 1.10 
0.55 17.8 1.14 
0.60 18.9 1.22 
0.65 19.9 1.29 
0.70 21.3 1.38 
0.75 22.7 1.47 
0.80 25.0 1.62 
0.85 28.0 1.81 
0.90 37.0 2.40 
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